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INTRODUCTION 
The to ta l  area  of  world  cropland in  soybean product ion topped 50 
mi l l ion  hectares  in  1983 (World  Food Ins t . ,  1984) .  The average y ie ld  was  
1 .59 metr ic  tons  per  hectare .  The to ta l  product ion of  soybeans  was ,  
therefore ,  approximate ly  80 mi l l ion  metr ic  tons .  Soybeans  are  used for  
o i l  product ion (11 mi l l ion  metr ic  tons  in  1983)  and prote in  meal  
product ion (60 mi l l ion  metr ic  tons  in  1983) ,  as  wel l  as  for  human 
consumpt ion.  The Uni ted  Sta tes  expor ted  25 mi l l ion  metr ic  tons  of  whole  
soybeans ,  5  mi l l ion  metr ic  tons  of  prote in  meal  and 0 .8  mi l l ion  metr ic  
tons  of  soybean o i l  in  1983.  The Uni ted  Sta tes  i s  the  major  expor ter  of  
whole  soybeans .  
Soybeans  a re  legumes;  they are  capable  of  forming a  symbiosis  wi th  a  
so i l  bacter ium that  provides  usable  n i t rogen for  the  host  p lant .  Legumes 
a re  a  valuable  source  of  prote in  in  the  d ie ts  of  a  large  por t ion of  the  
world ' s  popula t ion.  Ni t rogen i s  the  most  l imi t ing input ,  a f ter  water ,  in  
world  agr icul ture  and n i t rogen i s  a  major  component  of  prote in .  
Soybean y ie ld  can be  increased s igni f icant ly  by inocula t ion wi th  an 
ef fec t ive  rhizobia l  s t ra in .  Average soybean y ie ld  has  decl ined s ince  1979 
(World  Food Ins t i tu te ,  1984)  and ef for ts  are  under  way to  s tudy the  
fac tors  involved in  the  symbiosis  and assess  the  ro le  of  genet ic  
engineer ing in  inoculum improvement .  Hodgson and Stacey ( in  press)  
provide  an  excel lent  review of  the  sequence of  events  leading to  an 
ef fec t ive  symbiosis ,  the  ro le  of  the  bacter ia l  symbiont ,  and the  prospects  
for  improvement  by genet ic  engineer ing.  
There  a re  three  components  of  a  good inoculum;  a  fas t  growth ra te ,  a  
h igh ra te  of  n i t rogen f ixat ion,  and the  abi l i ty  to  compete  wi th  indigenous  
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s t ra ins  for  nodule  occupancy.  A fas t  growth ra te  a l lows the  product ion of  
inoculum wi th  a  minimum of  contaminat ion.  A h igh ra te  of  n i t rogen f ixat ion 
provides  the  p lant  wi th  p lenty  of  usable  n i t rogen.  Compet i t ive  abi l i ty  
a l lows the  inocula ted  s t ra in  to  occupy a  major i ty  of  the  nodules  formed by 
the  p lant .  Many so i ls  conta in  indigenous  s t ra ins  of  bacter ia  tha t  form a  
la rge  propor t ion of  nodules  on indigenous  and in t roduced p lant  species ,  
even in  the  presence  of  inoculum.  These  s t ra ins  are  not  necessar i ly  good 
n i t rogen-f ixers  (Hodgson and Stacey,  in  press) .  A good inoculum must  
out -compete  these  indigenous  s t ra ins .  
A s imple  method for  improving inoculum i s  se lec t ion of  mutants  of  
compet i t ive  s t ra ins  that  f ix  ni t rogen a t  a  fas ter  ra te  than the  parent  
s t ra in  (Thomas e t  a l . ,  1983;  P laz inski ,  1981;  Wil l iams and Phi l l ips ,  1983) .  
Another  method i s  to  se lec t  res is tance  to  a  poss ib le  antagonis t ,  l ike  a  
fungic ide ,  tha t  may l imi t  indigenous  rh izobia  (Jones  and Giddens ,  1984) .  
These  methods  are  shor t - term solut ions  in  a  changing environment .  They do 
not  take  in to  account  the  d ivers i ty  of  legume growth condi t ions  and legume 
genotypes .  Nor  do they account  for  the  abi l i ty  of  the  indigenous  
popula t ions  to  evolve  in  the  so i l ,  especia l ly  under  se lec t ive  condi t ions .  
The key to  inoculum improvement  i s  unders tanding the  genet ics  and 
physiology of  the  symbiosis .  
Legume microsymbionts  have been separa ted  in to  two genera :  Rhizobiurn  
and Bradyrhizobium (Glenn and Di lworth ,  1981;  Kennedy and Greenwood,  1982;  
Hoi l i s  e t  a l . ,  1981;  Neumann e t  a l . ,  1984;  Tr i  n ick ,  1980) .  The Rhizobi  um 
species  share  a  ser ies  of  character is t ics ,  inc luding rapid  growth ra tes ,  
ac id  product ion on manni to l ,  and u t i l iza t ion of  d isacchar ides .  The 
3 
Bradyrhizobium species  are  character ized by a  s low growth ra te ,  a lkal i  
product ion on manni to l ,  and an  inabi l i ty  to  use  d isacchar ides .  The 
fas t -growing Rhizobium are  bel ieved to  have evolved in  the  temperate  zone 
and the  s low-growing Bradyrhizobium to  have evolved in  the  t ropics .  
Bergey 's  Manual  (1984)  l i s t s  three  main  species  of  Rhizobium:  R.  mel i lo t i ,  
R.  lo t i ,  and ^  lequminosarum.  R.  mel i lo t i  forms nodules  wi th  Medicago 
species  l ike  a l fa l fa ,  H.  sa t iva .  R.  lequminosarum has  three  biovars ;  
leguminosarum,  phaseol i ,  and t r i fo l i i .  These  b iovars  nodula te  peas  (Pisum 
species) ,  pole  beans  (Phaseolus  species) ,  and c lover  (Tr i fo l ium species) ,  
respect ively .  They have been grouped in to  one species  because  they have a  
common chromosomal  map and the i r  symbiot ic  genes  can be  t ransferred  to  the  
o ther  b iovars  and expressed (Hombrecher  e t  a l . ,  1981;  Hooykaas  e t  a l . ,  
1981;  Hooykaas  e t  a l . ,  1982a;  Hooykaas  e t  a l . ,  1982b) .  R.  lo t i  forms 
nodules  wi th  Lotus  species .  The Bradyrhizobium have ^  japonicum as  the  
only  recognized species  (Jordan,  1982) .  The o ther  i so la tes  are  lumped 
together  as  Bradyrhizobium spp.  because  of  the i r  abi l i ty  to  nodula te  
severa l  d i f ferent  hos ts .  
There  i s  a  great  deal  of  in teres t  in  improving the  n i t rogen-f ix ing 
symbiosis  through convent ional  p lant  breeding and genet ic  engineer ing of  
the  bacter ia l  symbiont .  The goal  i s  to  breed h igh-yie ld ing cul t ivars  tha t  
are  adapted to  a  par t icular  environment  and wi l l  preferent ia l ly  u t i l ize  
f ixed ni t rogen from the  bacter ia l  symbiont  and to  develop an  inoculum that  
wi l l  maximize  n i t rogen f ixat ion wi th  p lants  in  tha t  environment .  To tha t  
end,  a  great  deal  of  e f for t  has  gone in to  physical  character iza t ion of  the  
symbiosis  and e lucidat ion of  the  genet ics  of  the  symbionts .  Many s tudies  
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have been done wi th  o ther  legumes and the i r  symbionts  ( for  a  review see  
Verraa  and Long,  1983) .  Host  of  the  work on the  ac tual  process  of  n i t rogen 
f ixat ion has  been done wi th  Klebsie l la  pneumoniae  (Rober ts  and Br i l l ,  
1981) .  
Ni t rogen f ixat ion in  K.  pneumoniae  requires  17 genes ,  d is t r ibuted 
among e ight  opérons  (Rober ts  and Br i l l ,  1981) .  The funct ions  of  most  of  
the  genes  have been d iscerned.  The s t ructura l  genes  for  the  t . izyme 
n i t rogenase  have been named n i f  K,  D,  and H.  Nif  K and D encode the  
subuni ts  of  n i t rogenase  and nj_f  H encodes  the  s t ructura l  prote in  for  
n i t rogenase  reductase .  These  s t ructura l  genes  have been h ighly  conserved 
in  nature .  The genes  f rom jL pneumoniae  share  sequence homology wi th  the  
n i t rogenase  s t ructura l  genes  f rom a l l  of  the  diazotrophs  examined to  date  
(Ruvkun and Ausubel ,  1980) .  Nif  K,  D,  and H f rom ^  pneumoniae  were  used 
as  hybr id iza t ion probes  to  southern  b lo ts  of  Rhizobium DNA to  ident i fy  the  
ni t rogenase  s t ructura l  genes  in  these  micro-symbionts  and locate  regions  of  
the  genome tha t  conta in  symbiot ic  informat ion.  The s t ructura l  genes  for  
n i t rogenase  have been local ized to  plasmids  in  Rhizobium species  and to  
chromosomal  DNA in  s low-growing Bradyrhizobium species  (Prakash e t  a l . ,  
1981;  Verma and Long,  1983;  Toro e t  a l . ,  1984) .  These  genes  have been 
c loned and analyzed in  severa l  species  (Downie  e t  a l . ,  1983a;  Shine  e t  a l . ,  
1983;  Banfalvi  e t  a l . ,  1983;  Hombrecher  e t  a l . ,  1981) .  The n i f  K,  D,  and H 
genes  f rom Bradyrhizobium japonicum have been c loned and sequenced 
(Hennecke and Mielenz ,  1981;  Adams e t  a l . ,  1984;  and Fuhrmann and Hennecke,  
1984) .  Fuhrmann and Hennecke repor t  tha t  puta t ive  promoter  sequences  share  
homology wi th  jL pnuemoniae  and ^  meli lo t i  promotor  sequences .  This  
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impl ies  a  s imi lar  mechanism of  control  of  n i t rogen f ixat ion in  f ree- l iv ing 
and symbiot ic  sys tems.  Regula t ion in  fas t -  and s low-growing species  may be  
the  same,  a l lowing n i f  genes  f rom one to  funct ion in  the  o ther .  Effor ts  
are  being made to  ident i fy  n i f  regula tory  genes  in  Rhizobium that  are  
analogous  to  those  in  ^  pneumoniae  (Sundaresan e t  a l . ,  1983;  Weber  and 
Puehler ,  1982;  and Somervi l le  and Kahn,  1983;  Adams and Chelm,  1984;  Downie  
e t  a l . ,  1983a,b) .  
Using mutants  in  a  var ie ty  of  species ,  the  nodula t ion process  has  been 
def ined and d ivided in to  a  ser ies  of  s teps  (Vincent ,  1980) .  The f i r s t  
s tage  consis ts  of  the  events  before  infect ion;  root  colonizat ion (Roc) ,  
root  adhesion (Roa) ,  ha i r  branching (Hab) ,  and hai r  cur l ing ( .Hac) .  The 
second s tage  includes  the  s teps  involved in  infect ion and nodule  format ion:  
infect ion ( Inf) ,  nodule  in i t ia t ion (Noi) ,  bacter ia l  re lease  (Bar) ,  and 
bacteroid  development  (Bad) .  The th i rd  s tage  i s  concerned wi th  nodule  
funct ion and descr ibes  n i t rogen f ixat ion (Nif) .  complementary  funct ions  
(Cof) ,  and nodule  pers is tence  (Nop) .  Mutants  tha t  resul t  in  nodules ,  do 
not  f ix  ni t rogen,  and do not  have a  les ion in  the  n i t rogenase  s t ructura l  
genes  a re  known as  Fix  mutants .  These  loc i  cannot  be  c lass i f ied  as  Nod or  
Nif  unt i l  more  informat ion becomes avai lable  about  the i r  funct ional  ro les .  
Nodule  phenotype has  been precise ly  def ined by Vest  e t  a l .  (1970) .  
Ineffec t ive  nodules  are  bumps,  swel l ings ,  or  immature  nodules  on the  root  
sys tem.  They are  green,  whi te ,  or ,  rare ly ,  p ink.  Effect ive  nodules  are  
normal  in  appearance  wi th  green,  whi te ,  or ,  usual ly ,  p ink in ter iors .  
Eff ic ient ,  e f fec t ive  nodules  f ix  an adequate  amount  of  n i t rogen for  the  
G 
plant ;  p lants  look green and heal thy.  Ineff ic ient ,  e f fec t ive  nodules  f ix  
l i t t le  or  no n i t rogen;  p lants  are  smal l  and chlorot ic .  
Nodula t ion genes  f rom R.  mel i lo t i  were  obta ined by complement ing Nod-
mutants  wi th  a  c lone bank of-wi ld- type R.  mel i lo t i  DMA. Severa l  les ions  
were  complemented by an  8 .7  kb EcoRI f ragment  (Long e t  a l . ,  1982) .  
S i te-speci f ic  mutagenesis  revealed tha t  a  3 .5  kb BamHI,  EcoRI f ragment  a t  
the  ni f -proximal  end of  the  8 .7  kb f ragment  conta ined genes  for  ear ly  
nodula t ion funct ions  (Mart in  and Long,  1984) .  A megaplasmid (J jSOO 
Megadal tons  in  s ize)  has  been ident i f ied  that  carr ies  the  nodula t ion and 
s t ructura l  n i t rogen f ixat ion genes  (Banfalvi  e t  a l . ,  1981) .  This  p lasmid 
and o thers  tha t  carry  the  nodula t ion and n i t rogen f ixat ion genes  are  
des ignated symbiot ic  p lasmids  (Sym p lasmids) .  The nod genes  on the  3 .5  kb 
f ragment  of  R.  mel i lo t i  appear  to  have an  evolut ionar i ly  conserved 
funct ion,  as  they complement  or  share  sequence homology wi th  ear ly  Nod 
genes  in  o ther  species  (Fisher  e t  a l . ,  1985;  Jarvis  e t  a l . ,  1983;  
Djordjevic  e t  a l . ,  1985) .  These  genes  have been used as  hybr id iza t ion 
probes  to  DMA f rom other  species  to  ident i fy  common nodula t ion genes  (Scot t  
e t  a l . ,  1982;  Schof ie ld  e t  a l . ,  1983;  Scot t  e t  a l . ,  1984;  Rossen e t  a l . ,  
1984;  Downie  e t  a l . ,  1985) .  There  are  o ther  groups  of  genes  tha t  have been 
ident i f ied:  genes  tha t  encode products  for  symbiot ic  n i t rogen f ixat ion 
(Fix)  and genes  for  host  speci f ic i ty  (Hsp) .  The s t ra tegies  for  improvement  
of  the  ^  fredi i  s t ra ins  depend on whether  regula t ion and express ion of  
these  genes  i s  uniform among species .  The Sym plasmids  of  the  R.  
1eguminosarum biovars  can be  t ransferred  among each o ther  and expressed 
wi th  the  appropr ia te  host  p lant  (Johnston e t  a l . ,  1978;  Hooykaas  e t  a l . .  
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1981;  Hooykaas  e t  a l ,  1982a;  Hooykaas  e t  a l . ,  1982b;  Lamb e t  a l . ,  1982) ,  
but  may not  be  expressed in  o ther  species  (Ruiz-Sainz  e t  a l . ,  1984) .  
Groups  of  genes  have been s tudied indi rec t ly  by t ransfer  of  Sym plasmids  
between species  of  fas t -growing Rhizobium (Kondorosi  e t  a l . ,  1982;  DeJong 
e t  a l . ,  1982;  Lamb e t  a l . ,  1982;  Brewin e t  a l . ,  1980;  Ruiz-Sainz  e t  a l . ,  
1984;  Pankhurs t  e t  a l . ,  1983;  DeJong e t  a l . ,  1981;  Behki  e t  a l . ,  1985)  and 
by t ransfer  of  c loned DNA f ragments  (Schof ie ld  e t  a l . ,  1984;  Downie  e t  a l . ,  
1983a;  Plaz inski  and Rolfe ,  1985) .  Techniques  l ike  t ransposon mutagenesis ,  
p lasmid cur ing,  in  v ivo dele t ion genera t ion,  and in  v i t ro  plasmid dele t ion 
genera t ion have been used to  local ize  symbiot ic  genes  to  speci f ic  DNA 
f ragments  (Hodgson and Stacey,  in  press ;  Noel  e t  a l . ,  1984;  Forra i  e t  a l , ,  
1983;  Cen e t  a l . ,  1982;  Buchanan-Wollas ton e t  a l . ,  1980;  Chua e t  a l . ,  1985;  
Meade e t  a l . ,  1982;  Vincze  e t  a l . ,  1981;  Ju l l io t  e t  a l . ,  1984;  Mil le  and 
Schi lperoor t ,  1981;  Simon,  1984;  Rostas  e t  a l . ,  1984;  Nom e t  a l . ,  1984;  
Skogen-Hagenson and Ather ly ,  1983;  Hombrecher  e t  a l . ,  1984) .  The genes  a re  
mapped on the  f ragments  wi th  a  var ie ty  of  techniques ,  inc luding 
s i te-di rec ted  t ransposon mutagenesis ,  maxi-cel l  express ion,  and mini-ce l l  
express ion (Schetgens  e t  a l . ,  1984;  Hahn and Hennecke,  1983;  Jagadish  and 
Szalay,  1984;  Ruvkun e t  a l . ,  1982) .  
As the  ident i f ica t ion of  symbiot ic  genes  progresses ,  informat ion on 
the  locat ion (Chakravor ty  e t  a l . ,  1982;  Malek,  1983;  Malek and Kowalski ,  
1983;  Szeto  e t  a l . ,  1984) ,  sequence conservat ion (Bet ter  e t  a l . ,  1983;  
Torok e t  a l . ,  1984;  Rossen e t  a l . ,  1984) ,  and express ion of  these  genes  
becomes avai lable  (Stanley and Dunican,  1979;  Riedel  e t  a l . ,  1983;  
Chr is tensen and Schuber t ,  1983;  Downie  e t  a l . ,  1985;  Schmidt  e t  a l . ,  1984;  
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Gollop and Avissar ,  1984;  Dibb e t  a l . ,  1984;  Mohapatra  and Gresshoff ,  
1983) .  The in teract ions  of  groups  of  symbiot ic  genes  have been s tudied 
us ing complete  Sym p lasmids ,  par t ia l  Sjmi  p lasmids ,  and c loned DNA 
f ragments  conta in ing symbiot ic  genes  in  o ther  species  of  Rhizobium 
(wi ld- type and Sym-cured s t ra ins)  and species  of  re la ted  genera  l ike  
Aqrobacter ium.  Psuedomonas .  and Lignobacter  (Hooykaas  e t  a l . ,  1981;  
Plaz inski  and Rolfe ,  1985) .  The ro le  of  the  chromosomal  background in  
n i t rogen-f ix ing abi l i ty  and compet i t ion  has  been s tudied,  a lso ,  us ing 
these  t ransconjugants  (Kondorosi  e t  a l . ,  1982;  Brewin e t  a l . ,  1983;  Behki  
e t  a l . ,  1985;  Pankhurs t  e t  a l . ,  1983) .  Symbiot ic  genes  f rom one species  
in  the  presence  of  indigenous  Sym genes  may not  be  expressed because  of  
funct ional  in ter ference  (Benyon e t  a l . ,  1980) .  In  addi t ion,  express ion of  
host  speci f ic i ty  genes  i s  control led  by genet ic  background and plasmid 
copy number  (Plaz inski  and Rolfe ,  1985) .  Al l  th is  informat ion can be  used 
to  const ruct  s t ra tegies  for  s t ra in  improvement  (St robe!  e t  a l . ,  1985;  
Brewin e t  a l . ,  1982;  Hodgson and Stacey,  in  press) .  
There  i s  some over lap  in  host  speci f ic i t ies .  There  a re  examples  of  
temperate  and t ropical  legumes tha t  are  inocula ted  by a  Rhizobium species  
and a  Bradyrhizobium species  (Broughton e t  a l . ,  1984;  Broughton e t  a l . ,  
1985;  Dakora  and Vincent ,  1984;  Bromfie ld  e t  a l . ,  1983) .  One species  
receiving a  lo t  of  a t tent ion i s  a  fas t -growing Rhizobium species  f rom The 
People ' s  Republ ic  of  China  [Keyser  e t  a l . ,  1982) ,  recent ly  named ^  fredi i  
(Schol ia  and Elkan,  1984) ,  tha t  nodula tes  soybeans  (Schol ia  e t  a l . ,  1984;  
Stowers  and Eaglesham,  1984;  Golberg  and Persa jovich,  1982;  Heron and 
Pueppke,  1984) .  Slow-growing Bradyrhizobiurn  s t ra ins  had been i so la ted  
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or iginal ly  wi th  soybeans  and brought  to  the  Uni ted  Sta tes  to  inocula te  
soybeans  grown in  th is  country .  These  new fas t -growing s t ra ins  have been 
repor ted  to  be  ineffec t ive  wi th  the  North  American soybean cul t ivars  bred 
in  th is  country  wi th  s low-growing Bradyrhizobium as  inoculum (Keyser  e t  
a l . ,  1982) .  One fas t -growing s t ra in ,  however ,  has  been shown to  be  
e f fec t ive  wi th  most  Nor th  American cul t ivars  of  soybean (Yel ton e t  a l . ,  
1983) .  
The fas t -growing Rhizobium s t ra ins  represent  a  new source  of  genet ic  
var ia t ion for  the  development  of  soybean inoculum.  Besides  the i r  fas t  ra te  
of  growth to  recommend them,  they are  more  sa l t  to lerant  than B.  japonicum 
(Yel ton e t  a l . ,  1983;  Sadowsky and Bohool ,  1983) .  This  may g ive  them an 
advantage  in  drought-s t ressed and i r r igated  land.  Their  in teract ion wi th  a  
var ie ty  of  soybean genotypes  needs  to  be  assessed to  ident i fy  genotypes  
tha t  are  ef f ic ient  n i t rogen-f ixers  wi th  the  fas t -growers ,  tha t  are  not  
nodula ted  by the  fas t -growers ,  or  are  preferent ia l ly  nodula ted  by the  
fas t -growers .  Genes  for  se lec t ion or  exclus ion of  Rhizobium or  
Bradyrhizobium would be  very  useful  in  breeding cul t ivars  tha t  respond to  
inoculum.  Four  hos t  genes  have been character ized.  The f i r s t  gene i s  
involved in  host  control  of  nodula t ion.  The recess ive  a l le le ,  r j l ,  gives  a  
non-nodula t ing phenotype wi th  Bradyrhizobium (Wil l iams and Lynch,  1954) .  
The second,  th i rd ,  and four th  genes  have dominant  a l le les  that  give  
ineffec t ive  nodules  wi th  d i f ferent  s t ra ins  of  Bradyrhizobium (Vest ,  1970;  
Vest  and Caldwel l ,  1972;  Caldwel l ,  1956) .  Devine  has  ident i f ied  a  f i f th  
locus  tha t  condi t ions  an ineffec t ive  response  to  the  fas t -growing Rhizobiurn  
(Devine ,  1984) .  Rj5  i s  a  dominant  a l le le  a t  tha t  locus  tha t  g ives  an  
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ineffec t ive  phenotype.  Al l  e l  i sm tes ts  wi th  the  o ther  four  loc i  have not  
been repor ted .  
To evaluate  the  potent ia l  of  the  fas t -growing s t ra ins  for  use  in  
soybean inoculum,  a  great  deal  of  informat ion must  be  obta ined.  In  th is  
repor t ,  we present  the  nodula t ion response  of  the  fas t -growers  to  a  var ie ty  
of  soybean genotypes  and host  mutant  a l le les .  Unique a l le les  that  
responded to  the  fas t -growers  were  tes ted  for  a l l  e l  i sm to  known mutant  
a l le les .  The n i t rogen-f ix ing abi l i ty  of  the  fas t -growing R.  f redi i  a lso  
was  tes ted  wi th  a  var ie ty  of  soybean genotypes .  These  s tudies  conf i rmed 
that  most  of  the  fas t -growing s t ra ins  of  R.  f redi i  formed ineffec t ive  
symbioses  wi th  North  American cul t ivars .  In  addi t ion,  the  one ef fec t ive  
s t ra in ,  USDA191,  was  shown to  be  an  ineff ic ient  n i t rogen-f ixer  wi th  North  
American cul t ivars .  This  demonstra ted  tha t  the  fas t -growing R.  f redi i  a re  
not  su i table  inoculum for  soybeans  in  the i r  present  form.  Because  
fas t -growing s t ra ins  are  more  amenable  to  genet ic  manipula t ion,  these  
s t ra ins  potent ia l ly  can be  improved.  We developed two approaches  for  
improvement  of  the  fas t -growers  and evaluated a  model  sys tem for  i so la t ion 
and character iza t ion of  mutant  bacter ia .  
The response  of  severa l  soybean genotypes  to  the  fas t -growing R.  f redi i  
was  examined in  a  hydroponic  growth sys tem developed by Rals ton and Imsande 
(1983) .  Late  inocula t ion of  larger  p lants  and the  unique proper t ies  of  
l iquid  suppor t  resul ted  in  the  suppress ion of  ineffec t ive  nodules  on North  
American cul t ivars .  St ra ins  of  R.  f redi i  tha t  formed ineffec t ive  nodules  
in  the  greenhouse  formed no nodules  in  hydroponics .  Nodules  were  formed on 
the  cul t ivars  'Peking '  and 'Hardee ' ,  which form ef fec t ive  nodules  in  the  
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greenhouse .  Normal  numbers  of  nodules  were  formed on these  two cul t ivars  
wi th  mutants  unable  to  f ix  ni t rogen.  Nodules  were  a lso  formed by Nif  
mutants  of  B.  japonicum.  A non-nodula t ing i so l ine  of  soybean was  unable  to  
form nodules  in  hydroponics .  This  hydroponic  growth sys tem can be  very  
useful  for  se lec t ion of  ef fec t ive  s t ra ins  of  ^  fredi i  crea ted  by 
complementa t ion wi th  heterologous  symbiot ic  genes .  
In  addi t ion to  an evaluat ion of  the  genet ics  of  the  host  response ,  a  
complete  unders tanding of  the  genet ics  of  the  microsymbiont  wi l l  a l low 
genet ic  manipula t ion to  improve symbiot ic  character is t ics  and adapt  i t  to  
d i f ferent  hos ts .  We inves t igated  two approaches  to  improvement  of  the  
fas t -growing R.  f redi i .  The f i r s t  was  ident i f ica t ion of  symbiot ic  genes  
and the i r  funct ions  to  a l low replacement  of  genes .  The symbiot ic  genes  
tha t  share  sequence homology wi th  the  R.  mel i lo t i  common Nod genes  and the  
K.  pneumoniae  n i f  K,D,  and H have been c loned (R.K.  Prakash,  Nat ive  Plants ,  
Inc . ,  unpubl ished resul ts ) .  Complementa t ion of  a  cured s t ra in  of  R.  
f redi i ,  tha t  we i so la ted ,  a l lowed us  to  ident i fy  the  f ragments  tha t  
conta ined genes  necessary  for  nodule  format ion.  We developed a  
marker-exchange procedure  to  local ize  genes  to  speci f ic  f ragments  by 
forc ing recombinat ion of  t ransposon-mutagenized f ragments  (R.K.  Prakash,  
Nat ive  Plants ,  Inc . ,  unpubl ished resul ts ;  and N.  Ramakrishnan,  Iowa S ta te  
Univers i ty ,  unpubl ished resul ts ) .  A recA mutant  of  R.  f redi i  was  c rea ted  
to  fac i l i ta te  development  of  a  Rhizobium maxicel l  to  s tudy express ion of  
genes  on these  f ragments .  
The second approach to  improvement  of  the  fas t -growing R.  f redi i  
s t ra ins  was  to  t ransfer  hos t -speci f ic i ty  genes  to  o ther  species  of  
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rh izobia .  The purpose  of  th is  approach was  to  t ransfer  hos t -speci f ic i ty  
genes  for  soybeans  to  o ther  genet ic  backgrounds  tha t  may be  more  
compet i t ive  or  more  e f f ic ient  n i t rogen f ixers .  The complete  Sym plasmids  
or  DMA f ragments  conta in ing symbiot ic  genes  were  used.  These  genes  a lso  
were  t ransferred  in to  s t ra ins  of  Rhizobium species  tha t  have been cured of  
the i r  symbiot ic  genes .  In  addi t ion,  species  f rom re la ted  genera  were  used 
as  rec ipients  to  examine the  completeness  of  the  informat ion t ransferred  
(whether  rh izobia l  chromosomal  genes  are  necessary)  and the  express ion of  
the  genes  in  a  fore ign background.  
In  the  f inal  par t  of  th is  repor t ,  We descr ibe  exper iments  to  ident i fy  
bacter ia l  DMA f ragments  tha t  are  required  for  nodule  format ion and to  tes t  
s i te-speci f ic  Tn5 mutants  for  e l iminat ion of  Nod or  Nif  funct ions  to  
local ize  speci f ic  genes  for  the  f i rs t  approach to  s t ra in  improvement .  We 
a lso  descr ibe  the  t ransfer  of  the  plasmid conta in ing symbiot ic  genes  and 
plasmid f ragments  to  o ther  bacter ia l  species  to  see  i f  hos t -speci f ic i ty  
genes  are  expressed in  o ther  backgrounds .  Severa l  unusual  phenomena were  
observed in  t ransconjugants ,  inc luding plasmid ins tabi l i ty ,  plasmid 
incompat ib i l i ty ,  and phenotype suppress ion.  Plasmid t ransfer  exper iments  
were  repeated us ing a  plasmid conta in ing another  t ransposable  e lement  to  
e l iminate  the  poss ib i l i ty  of  t ransposon-speci f ic  e f fec ts .  
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PART I .  FAST-GROWING RHIZOBIUM FREDII  ARE POOR 
NITROGEN-FIXING SYMBIONTS OF SOYBEAN 
Abst rac t  
So.ybean-Rhizobium genotype combinat ions  wi th  h igh ra tes  of  n i t rogen 
f ixat ion are  useful  in  soybean breeding programs.  Ni t rogen f ixat ion was  
examined in  13 soybean Glycine  max (L. )  Merr i l l  cul t ivars  and wi ld  
soybean (G.  so ja  Sieb.  and Zucc. )  p lant  in t roduct ions  inocula ted  wi th  
Bradyrhizobium japonicum s t ra in  51A75 and four  fas t -growing s t ra ins  of  
Rhizobium f redi i .  Five-week-old  p lants  were  assessed for  nodule  
morphology,  acetylene  reduct ion ra te ,  nodule  number ,  nodule  f resh  weight ,  
and p lant - top dry  weight .  Al l  fas t -growing s t ra ins  formed ef fec t ive  
nodules  on cul t ivars  'Peking ' ,  'Virginia ' ,  'Hardee ' ,  and the  G.  so ja  p lant  
in t roduct ions .  In  contras t ,  three  of  the  fas t -growing s t ra ins  formed 
ineffec t ive  nodules  on the  other  cul t ivars .  One s t ra in ,  USDA191,  formed 
ef fec t ive  nodules  on a l l  cul t ivars .  No nodules  were  formed by the  
fas t -growing ^  fredi i  on 'Harosoy r j l  r j l ' .  Soybean-Rhizobium 
combinat ions  tha t  produced s igni f icant  acetylene  reduct ion,  nodule  number ,  
nodule  f resh  weight ,  and p lant - top dry  weight  compared to  uninocula ted  and 
ineffec t ively  nodula ted  p lants  were  B.  japonicum s t ra in  51A76 wi th  'Evans '  
and 'Hi l l '  and the  fas t -growing R.  f redi i  s t ra ins  wi th  'Peking '  and 
'Virginia ' .  
In t roduct ion 
Soybean improvement  programs are  searching for  soybean-Rhizobium 
genotype combinat ions  tha t  opt imize  n i t rogen f ixat ion.  The f i rs t  s tep  in  
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such a  program i s  to  ident i fy  genet ic  var ia t ion in  the  host  and the  
symbiont .  This  inc ludes  a  search for  res is tance  (exclus ion)  and 
co-evolved,  e f f ic ient  symbioses  (Devine  and Brei thaupt ,  1980;  Keyser  and 
Cregan,  1984;  Devine ,  1984,  1985) .  
Recent ly ,  a  new species  of  fas t -growing Rhizobium that  nodula tes  
soybeans  Glycine  max (L. )  Merr .  was  i so la ted  from nodules  col lec ted  in  
The People ' s  Republ ic  of  China  (Keyser  e t  a l . ,  1982) .  The rapid  growth 
ra te  and potent ia l  of  these  s t ra ins  for  genet ic  manipula t ion may lead to  
improved inoculum for  soybeans .  However ,  Keyser  repor ted  that  severa l  of  
the  fas t -growing s t ra ins  formed ineffec t ive  nodules  on North  American 
cul t ivars .  But ,  Yel ton e t  a l .  (1983)  showed tha t  one s t ra in ,  USDA191,  
formed ef fec t ive  nodules  on commercia l  cu l t ivars .  
The symbiot ic  performance of  these  s t ra ins  on a  var ie ty  of  hos t  
genotypes  needs  to  be  tes ted  to  assess  the i r  n i t rogen-f ix ing abi l i ty .  
Lindst rom (1984)  showed tha t  a  h igher  ra te  of  n i t rogen f ixat ion dur ing the  
ear ly  development  of  the  p lant  was  corre la ted  wi th  h igher  y ie ld .  This  
suggested  a  means  of  rapidly  screening for  h igh-yie ld ing symbioses  by us ing 
young p lants .  We have used th is  approach to  examine n i t rogen-f ix ing 
symbioses  among 13 genotypes  of  wi ld  ar id  cul t iva ted  soybean and four  
fas t -growing Rhizobium s t ra ins  to  ident i fy  pai rs  of  genotypes  wi th  high 
n i t rogen-f ix ing abi l i ty .  We examined severa l  G.  max cul t ivars  including 
two wi th  hos t - ineffec t ive  a l le les  (Caldwel l ,  1966;  Vest ,  1970;  Vest  and 
Caldwel l ,  1972)  and one non-nodula t ing i sol ine  (Wil l iams and Lynch,  1954) .  
We a lso  tes ted  severa l  p lant  in t roduct ions  of  G.  so ja  (Sieb.  and Zucc. )  
tha t  showed low,  medium,  or  high levels  of  nodula t ion in  Iowa so i ls  (R.  G.  
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Palmer ,  unpubl ished resul ts .  Depar tment  of  Genet ics ,  Iowa Sta te  
Univers i ty) .  The ef f ic iency of  a  symbiosis  was  determined by us ing 
acetylene  reduct ion.  Also  measured were  p lant - top dry  weight ,  nodule  
number ,  and nodule  f resh  weight .  
Mater ia ls  and Methods  
Bacter ia l  s t ra ins  
Rhizobium f redi i  s t ra ins  LISDA193,  LISDA201,  and USDA205 were  obta ined 
f rom H.  Keyser ,  USDA Rhizobium Col lec t ion,  Bel tsvi l le ,  MD.,  Rhizobium 
f redi i  s t ra in  USDA191 f rom Don Phi l l ips ,  Univ .  of  Cal i fornia ,  Davis ,  and 
Bradyrhizobium japonicum s t ra in  61A75 f rom W. J .  Br i l l ,  Madison,  WI.  Each 
s t ra in  was grown in  YM broth  (Vincent ,  1970)  to  la te  log phase ,  
approximate ly  1  x 10^ ce l l s /ml . ,  for  use  as  inoculum.  
Plant  mater ia l  
In  th is  s tudy,  2134 p lants  were  examined.  Seeds  of  'Peking ' ,  
'Virginia ' ,  'Evans ' ,  'Harosoy 63 ' ,  'Rampage ' ,  'Wil l iams ' ,  'Hi l l '  (Rj4  
Rj4) ,  'Hardee '  (Rj2  Rj2 .Rj3  Rj3) ,  and 'Harosoy r j^  r j l ' ,  were  
surface-s ter i l ized by soaking them in  70% ethanol  for  15 minutes  and 
r ins ing 3  t imes  wi th  s ter i le  water .  G.  so ja  PI  101404B,  PI  342522A,  PI  
407217,  and PI  81752 seeds  were  soaked 20 minutes  in  concentra ted  sul fur ic  
ac id  and r insed 3  t imes  in  s ter i le  water .  S ter i l ized seeds  were  
germinated 3  days  on wet ,  s ter i le  Ter i  towels  (Kimber ly-Clark)  in  a  
fo i l -covered,  meta l  cake  pan.  
Five  germinated seeds  were  p laced in  a  tes t  tube  wi th  10 ml .  of  
inoculum and incubated for  30 minutes  before  being planted in  a  h i l l .  
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Soybeans  were  grown in  h i l l s  by us ing the  growth-box sys tem of  Devine  and 
Reis inger  (1978) .  Each bacter ia l  s t ra in  and a  control  were  randomly 
ass igned to  1  of  6  growth boxes .  Six  soybean genotypes  were  randomly 
ass igned to  a  h i l l  in  each of  4  rows in  a  box.  
The upper  box was  f i l led  wi th  medium-grade vermicul i te  (Terra i i te) ,  
and the  lower  box was  f i l led  with  a  nut r ient  solut ion (Weaver  and 
Freder ick ,  1972)  d i lu ted  wi th  d is t i l led  water ,  f i l te red  to  remove bacter ia  
(Pal l ,  Ul t ipor  d isposable  f i l te r ,  0 .45 urn absolute) .  Lost  volume was  
replaced wi th  f i l te red ,  d is t i l led  water .  The nut r ient  solut ion was  
replaced af ter  3  weeks .  Sunl ight  was  supplemented wi th  Sylvania  Cool  
Whi te  f luorescent  l ights .  Plants  were  grown in  a  15 hour  l ight  regime,  
wi th  a  day/night  temperature  range between 27 and 18°C.  
Plants  were  harves ted  5  weeks  a f ter  p lant ing.  Plant  tops  f rom a  
h i l l  were  p laced in  paper  bags  and dr ied  a t  leas t  48 hours  in  an 80°C.  
drying oven.  Roots  f rom a  h i l l  were  sea led  wi th  a  rubber  septum in  a  
250-ml .  Er lenmeyer  f lask  for  the  acetylene  reduct ion assay.  Acetylene  was  
in jec ted  in to  the  f lask  to  create  a  10% mixture .  Ten u l .  of  gas  were  
removed a t  20 and 40 minutas  and in jec ted  in  a  Car le  Analyt ica l  Gas  
Chromatograph wi th  a  Porapak T column and a  f lame ionizat ion detec tor .  
Nodules  were  c lass i f ied  as  ineffec t ive  or  ef fec t ive ,  by use  of  the  
cr i ter ia  of  Vest  e t  a l .  (1973) .  Nodules  then were  counted and weighed.  
Severa l  nodules  were  re ta ined for  bacter ia l  s t ra in  ident i f ica t ion.  
Ident i f ica t ion of  bacter ia l  s t ra in  
Nodules  were  surface-s ter i l ized by soaking 5  minutes  in  70% e thanol  
and r ins ing in  s ter i le  water .  They were  crus ted  in  1  ml.  of  s ter i le  water  
Figure  1 .  Plas in ic l  p rof i les  of  the  fas t -growing Rhizobiurn  f redi i  
s t ra ins  were  determined on agarose  gels :  Lane 1 .  
USDAlQli  Lane 2 .  USDA201;  Lane 3 .  USDA192;  Lane 4 .  
USDA193;  Lane 5 .  USDA194;  Lane 6 .  USDA205;  Lane 7 .  
USDA206;  Lane 8 .  USDA208;  Lane 9 .  USDA214;  and Lane 10.  
US0A217 
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and spread on YM p la tes  wi th  congo red  (Sigma)  and YM p la tes  wi th  
bromothymol  b lue  (Sigma) .  Fas t -growing s t ra ins  formed s l imy,  whi te  
colonies  on congo red  p la tes  and turned bromothymol  b lue  p la tes  yel low.  
The s low-growing s t ra in  formed s l imy,  c lear  colonies  on congo red  and 
turned bromothymol  b lue  p la tes  deep b lue .  Bacter ia l  s t ra ins  recovered 
f rom nodules  were  ident i f ied  by agarose  gel  e lec t rophores is  of  p lasmid DMA 
wi th  the  modif ied  Eckhardt  procedure  of  Rosenberg  e t  a l .  (1982) .  Each 
bacter ia l  s t ra in  had a  unique plasmid pat tern  (Masterson e t  a l .  1982;  
Heron and Pueppke,  1983;  Figure  1) .  
Exper imenta l  des ign and analys is  
Plants  in  a  h i l l  were  harves ted  together ,  and the  mean for  the  h i l l  
was  used in  the  analys is .  There  were  four  repl ica tes  of  each genotype in  
a  box.  Analys is  of  var iance  was  performed on data  f rom 2134 p lants  to  
tes t  for  homogenei ty  of  s t ra ins ,  genotypes ,  and,  most  impor tant ly ,  the i r  
in teract ions .  Analyses  of  var iance ,  corre la t ions ,  leas t  s igni f icant  
d i f ferences ,  and randomizat ions  were  done by us ing SAS (1982) .  
Resul ts  
Mean acetylene  reduct ion,  nodule  number ,  nodule  f resh  weight ,  and 
p lant - top dry  weight  for  a l l  soybean-Rhizobium genotype combinat ions  are  
presented in  Table  1 .  Fas t -growing s t ra ins  LISDA193,  USDA201,  and USDA205 
formed ef fec t ive  nodules  on soybean cul t ivars  Peking and Virginia .  
Acetylene  reduct ion,  p lant  dry  weight ,  nodule  number ,  and nodule  weight  
were  s igni f icant ly  greater  than those  of  the  uninocula ted  control .  
20 
Table  1 .  Nodule  morphology and mean acetylene  reduct ion,  nodule  
number ,  nodule  f resh  weight ,  and p lant - top dry  weight  for  
each soybean genotype/bacter ia l  s t ra in  combinat ion 
(s tandard  er ror  in  parentheses)  
N 
Nodule  
Morph.  
Ac e t .  
Red.  
Nodule  
Number  
Nodule  
Fresh Wt.  
Top dry  
Wt.  
PEKING 
nmol /plant /s  /p lant  g /p lant  g /p lant  
UNINOCULATED 50 0 .01 
(0 .01)  
0 .2  
(0 .2)  
0 .004 
(0 .003)  
0 .249 
(0 .034)  
USDA193 49 E^ 0 .52 • 
(0 .22)  
*  11.6  *  
(2 .0)  
0 .151 *  0.513 *  
(0 .031)  (0 .096)  
USDA201 33  E 0 .47 *  
(0 .17)  
9 .5  *  
(2 .4)  
0 .134 *  
(0 .045)  
0 .495 *  
(0 .129)  
USDA205 62 E 0 .36 *  
(0 .09)  
10.4  *  
(1 .4)  
0 .154 *  
(0 .028)  
0 .563 *  
(0 .065)  
USDAI91 58 E 0 .30 *  
(0 .06)  
8 .2  *  
(1 .3)  
0 .121 *  
(0 .022)  
0 .442 *  
(0 .062)  
61A76 58 E 0 .31 *  
(0 .06)  
12.5  *  
(1 .3)  
0 .140 *  
(0 .024)  
0 .309 
(0 .051)  
VIRGINIA 
UNINOCULATED 16 0 .00 0 .1  
(0 .1)  
0 .001 
(0 .001)  
0 .129 
(0 .029)  
USDA193 23 E 0 .22 *  
(0 .05)  
12.8  *  
(0 .7)  
0 .090 *  
(0 .019)  
0 .280 *  
(0 .018)  
USDA201 35 E 0 .26 *  
(0 .05)  
13.1  *  
(1 .9)  
0 .130 *  
(0 .018)  
0 .318 *  
(0 .033)  
E e f fec t ive  nodules .  
*  Signif icant ly  d i f ferent  f rom uninocula ted  control  a t  £  is  less  than 
or  equal  to  0 .05.  
21 
Table 1 .  (Continued) 
N 
Nodule 
Morph.  
Acet .  Nodule 
Red.  Number 
Nodule 
Fresh Wt.  
Top dry 
Wt.  
USDA205 21 E 0 .17 *  
(0.04)  
15.7 *  
(2.9)  
0 .104 *  
(0.014)  
0.286 *  
(0.017)  
USDA191 50 E 0 .23 *  
(0.05)  
13.0 *  
(2.5)  
0 .090 *  
(0.015)  
0.299 *  
(0.027)  
51A76 42 E 0 .12 
(0.01)  
22.4 *  
(2.5)  
0 .096 *  
(0.011)  
0.194 
(0.022)  
EVANS 
UNINOCULATED 22 0 .00 0.9 
(0,6)  
0 .003 
(0.002)  
0.264 
(0.033)  
USDA193 30 ib  0.00 9.2 
(5.0)  
0 .028 
(0.019)  
0.296 
(0.031)  
USDA201 33 I  0 .10 
(0.08)  
15.7 *  
(5.3)  
0 .078 
(0.048)  
0 .421 *  
(0.051)  
USDA205 36 I  0 .01 
(0.004)  
14.1 
(4.9)  
0 .036 
(0.014)  
0 .338 
(0.030)  
USDA191 43 E 0 .12 
(0.02)  
15.6 *  
(1.5)  
0 .091 *  
(0.014)  
0.345 
(0.028)  
51A75 43 E 0 .73 *  
(0.15)  
33.6 *  
(4.5)  
0.230 *  
(0.026)  
0.502 *  
(0.039)  
HAROSOY 63 
UNINOCULATED 12 0.05 
(0.03)  
1 .4  
(0.8)  
0.006 
(0.004)  
0 .341 
(0.066)  
USDA193 12 I  0 .02 
(0.01)  
5 .6  
(1.9)  
0 .012 
(0.003)  
0.386 
(0.082)  
USDA201 18 I  0 .00 1.6 
(0.8)  
0.006 
(0.003)  
0 .235 
(0.031)  
b I  ineffect ive nodules .  
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Table 1 .  (Continued) 
N 
Nodule 
Morph.  
Acet .  
Red.  
Nodule 
Number 
Nodule 
Fresh Wt.  
Top dry 
Wt.  
USDA205 23 I  0 .15 
(0.13)  
12.2 
(10.3)  
0 .095 
(0.040)  
0.448 
(0.083) 
USDAI91 33 E 0 .43 *  
(0.14)  
21.4 *  
(5.3)  
0.179 *  
(0.065)  
0.707 
(0.170)  
51A75 25 E 0 .28 
(0.10)  
18.8 *  
(3.2)  
0.168 
(0.052)  
0.609 
(0.187)  
RAMPAGE 
UNINOCULATEO 29 0 .00 0 .3  
(0.2)  
0.002 
(0.002)"  
0 .346 
(0.052)  
USDAI93 14 I  0 .27 
(0.15)  
15.5 
(6.4)  
0 .183 *  
(0.094)  
0.667 
(0.274)  
USDA201 19 I  0 .00 4.7 
(0 .4)  
0.009 
(0.002)  
0.290 
(0.013)  
USDA205 18 I  0 .28 
(0.17)  
26.5 *  
(12.8)  
0 .108 
(0.057)  
0 .491 
(0.097)  
USDA191 34 E 0 .37 *  
(0.14)  
22.5 *  
(4.2)  
0.157 *  
(0.036)  
0 .523 
(0.067)  
51A75 21 E 0 .30 
(0.03)  
18.4 
(3.5)  
0.202 *  
(0.032)  
0 .445 
(0.059)  
WILLIAMS 
UNINOCULATEO 35 0 .01 
(0.01)  
2.0 
(1 .3)  
0 .011 
(0.006)  
0 .368 
(0.069)  
USDA193 23 I  0 .01 
(0.01)  
4 .2  
(1.8)  
0.018 
(0.010)  
0.375 
(0.032)  
USDA201 32 I  0 .02 
(0.01)  
6 .9  
(3.1)  
0.022 
(0.010)  
0.412 
(0 .041)  
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Table 1 .  (Continued) 
Nodule Acet .  Nodule Nodule Top dry 
N Morph.  Red.  Number Fresh Wt.  Wt.  
USDA205 36 I  0 .00 10.0 
(3.9)  
0.037 
(0.015)  
0 .321 
(0.016)  
USDA191 43 E 0 .15 
(0.07)  
13.6 *  
(4.1)  
0.087 *  
(0.025)  
0 .413 
(0.025)  
51A76 41 E 0 .53 *  
(0.09)  
34.8 *  
(4.0)  
0 .233 *  
(0.036)  
0 .445 
(0.036)  
HARDEE 
UNINOCULATED 22 0 .00 0.0 0.000 0.319 
(0.088)  
USDA193 32 E 0 .25 
(0.10)  
10.7 
(3.0)  
0.167 *  
(0.061)  
0.369 
(0 .068)  
USDA201 26 E 0 .04 
(0.01)  
11.8 
(4.1)  
0 .091 
(0.034)  
0 .357 
(0.064)  
USDA205 24 E 0 .07 
(0.03)  
8 .8  
(3.5)  
0.166 
(0.070)  
0 .339 
(0.073)  
USDA191 28 E 0 .24 
(0.08)  
23.4 *  
(6.6)  
0.215 *  
(0.071)  
0 .372 
(0.061)  
61A76 30 E 0 .67 *  
(0.15)  
39.0 *  
(7.4)  
0.316 *  
(0.064)  
0.425 
(0 .079)  
HILL 
UNINOCULATED 31 0.00 0.2 
(0.1)  
0.0004 
(0.0003)  
0 .353 
(0.059)  
USDA193 35 I  0 .03 
(0.02)  
32.1 *  
(9.9)  
0.079 
(0.023)  
0 .490 
(0.076)  
USDA201 44 I  0 .00 16.8 
(6.2)  
0.027 
(0.013)  
0 .464 
(0.045)  
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Table 1 .  (Continued) 
N 
Nodule 
Morph.  
Ac e t .  
Red.  
Nodule 
Number 
Nodule 
Fresh Wt.  
Top dry 
Wt.  
USDA205 46 I  0 .02 
(0.01)  
28.1 *  
(7.2)  
0.067 
(0.023)  
0 .423 
(0.053)  
USDA191 46 E 0 .09 
(0.03)  
14.1 
(2.8)  
0 .101 *  
(0.025)  
0.438 
(0.052)  
61A75 44 E 0 .70 *  
(0.16)  
34.2 *  
(5.6)  
0 .258 *  
(0.039)  
0.527 *  
(0.064)  
HAROS0Y r j l  r j l  
UNINOCULATED 14 0.00 0 .2  
(0.2)  
0.0003 
(0.0003)  
0.502 
(0.133)  
USDA193 3  0.00 0 .0  0.000 0.135 
(0.035)  
USDA201 18 0.00 0 .0  0.00 0.255 
(0.010)  
USDA205 24 0.004 0 .6  
(0.004)  (0 .6)  
0 .002 
(0.002)  
0 .420 
(0.122)  
USDA191 16 0.02 
(0.02)  
1 .3  
(1.3)  
0 .005 
(0.005)  
0.500 
(0.120)  
51A75 12 0.00 0 .0  0.000 0.276 
(0.043)  
PI  101404B 
UNINOCULATED 13 0.00 0 .0  0.000 0.041 
(0.015)  
USDA193 8  E 0 .010 
(0.01)  
4 .9  
(1.0)  
0 .016 
(0.004)  
0.059 
(0.011)  
USDA201 7  E 0 .00 0.7 
(0 .7)  
0 .003 
(0.003)  
0.052 
(0.024)  
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Table 1 .  (Continued) 
N 
Nodule 
Morph.  
Acet ,  
Red.  
Nodule 
Number 
Nodule 
Fresh Wt.  
Top dry 
Wt.  
USDA205 20 E 0 .00 3 .8  
(1.7)  
0 .021 
(0.010)  
0.055 
(0.023)  
USDAI91 18 E 0 .03 
(0.02)  
9 .8  *  
(3.2)  
0.031 *  
(0.014)  
0 .053 
(0.011)  
61A76 15 E 0 .03 
(0.02)  
5 .5  
(2.1)  
0.014 
(0.005)  
0 .384 
(0.330)  
PI  342622A 
UNINOCULATED 23 0.00 0 .1  
(0.1)  
0.003 
(0.003)  
0 .050 
(0.023)  
USDAI93 23 E 0 .01 0 .8  
(0.002)  (0 .3)  
0.001 
(0.001)  
0 .046 
(0.010)  
USDA201 14 E 0 .00 0 .0  0.000 0.030 
(0.018)  
USDA205 23 E 0 .03 
(0.02)  
1 .5  
(0.9)  
0.013 
(0.011)  
0 .036 
(0.009)  
USDA191 28 E 0 .09 *  
(0.04)  
3 .7  *  
(0.7)  
0.038 *  
(0.011)  
0 .062 
(0.017)  
61A76 20 E 0 .03 
(0.01)  
6 .5  *  
(1.5)  
0.024 *  
(0.007)  
0 .050 
(0.014)  
PI  407217 
UNINOCULATED 25 0 .00 0 .4  
(0 .4)  
0 .001 
(0.001)  
0.047 
(0.010)  
USDA193 14 E 0 .00 4 .0  
(2.8)  
0.009 
(0.005)  
0 .061 
(0.013)  
USDA201 21 E 0 .00 1 .1  
(0.5)  
0.002 
(0.001)  
0 .040 
(0.007)  
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Table 1 .  (Continued) 
Nodule Acet .  Nodule Nodule Top dry 
N Morph.  Red.  Number Fresh Wt.  Wt.  
USDA205 12 E 0 .00 0.4 
(0.4)  
0 .003 
(0.003)  
0.037 
(0.012)  
USDA191 36 E 0 .01 
(0.003)  
4 .0  
(1.1)  
0 .010 
(0.002)  
0 .041 
(0.005)  
61A76 31 E 0 .04 *  
(0.01)  
7 .9  *  
(1.5)  
0 .023 *  
(0.005)  
0 .054 
(0.016)  
PI  81762 
UNINOCULATED 8  0.00 0.0 0.00 0.055 
(0.021)  
USDA193 31 E 0 .01 
(0.004)  
8 .1  '  
(1.8)  
0.012 
(0.002)  
0 .052 
(0.010)  
USDA201 11 E 0 .00 1 .7  
(1.1)  
0.002 
(0.002)  
0 .050 
(0.012)  
USDA205 18 E 0 .00 2 .8  
(1.5)  
0.012 
(0.009)  
0 .055 
(0.019)  
USDA191 19 E 0 .03 *  
(0.01)  
7 .3  *  
(0.8)  
0.027 *  
(0.004)  
0 .073 
(0.008)  
61A75 24 E 0 .05 *  
(0.01)  
12.1 *  
(3.0)  
0 .030 *  
(0.007)  
0.037 
(0.008)  
Figure 2 .  Mean acetylene reduct ion ra te  of  North American soybean 
cul t ivars  inoculated with fast -growing ^  fredi i  s t ra ins  
USDA193,  USDA201,  and USDA205 (combined means) ,  narrow-hatched 
bars ;  USDA191,  sol id  bars ;  and s low-growing B.  japonicum s t ra in  
61A76,  wide-hatched bars  
0 . 8 
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Peking Virginia Evans 
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Harosoy Rampage Williams 
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Figure 3 .  Mean nodule  f resh weight  of  North American soybean cul t ivars  
inoculated with fas t -growing R.  f redi i  s t ra ins  USDA193,  USDA201,  
and USDA205 (combined means) ,  narrow-hatched bars ;  USDA191,  
sol id  bars ;  and s low-growing B.  japonicum s t ra in  61A76,  
wide-hatched bars  
g/plant 
Peking Virginia 0 . 3 6  
0 . 3 0  
0 . 2 5  -
0 . 2 0  
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Figure 4 .  Mean acetylene reduct ion ra te  of  soybean genotypes with host  
mutant  a l le les  r j l .  Rj2,  Rj3.  Rj4.  or  Rj5 inoculated with 
fast -growing R.  f redi i  s t ra ins  USDA193,  USDA201,  and USDA205 
(combined means) ,  narrow-hatched bars ;  USDA191,  sol id  bars ;  and 
s low-growing japonicuin s t ra in  61A76,  wide-hatched bars  
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Figure 5 .  Mean nodule  f resh weight  of  soybean genotypes,  with host  mutant  
a l le les  r^ ,  Rj^,  Rj3,  Rj4,  or  Rj5 inoculated with fast -growing 
R.  f redi i  s t ra ins  USDA193,  USDA201,  and USDA205 (combined 
means) ,  narrow-hatched bars ;  USDA191,  sol id  bars ;  and 
s low-growing japonicum s t ra in  61A76,  wide-hatched bars  
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Figure 6 .  Mean acetylene reduct ion ra te  of  G.  soja  plant  introduct ions 
inoculated with fas t -growing R.  f redi i  s t ra ins  USDA193,  USDA201,  
and USDA205 (combined means) ,  narrow-hatched bars ;  USDA191,  
sol id  bars ;  and s low-growing B.  japonicum s t ra in  61A76,  
wide-hatched bars  
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Figure 7 .  Mean nodule  f resh weight  of  soja  plant  introduct ions 
inoculated with fas t -growing R.  f redi i  s t ra ins  USDA193,  USDA201,  
and USDA205 (combined means) ,  narrow-hatched bars ;  USDA191,  
sol id  bars; ,  and s low-growing B.  japonicum s t ra in  61A76,  
wide-hatched bars  
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Table 2 .  Least  Signif icant  Differences between pairwise comparisons 
of  fas t -growing R.  f redi i  s t ra in  USDA191 and s low-growing 
B.  japonicum.strain 51A76 for  mean acetylene reduct ion ra te ,  
nodule  number,  nodule  f resh weight ,  and plant- top dry weight  
ACETYLENE 
REDUCTION 
NODULE 
NUMBER 
NODULE 
FRESH 
WEIGHT 
PLANT 
TOP DRY 
WEIGHT 
nmol/plant /s  /plant  g/plant  g/plant  
PEKING 0.27 3 .8  0.066 0.178 
VIRGINIA 0.09 5 .8  0.038 0.070 * '  
EVANS 0 .22 *  10.4 *  0.070 * 0.095 *  
HAROSOY 53 0.30 12.8 0.131 0.379 
RAMPAGE 0 .35 17.7 0.128 0.305 
WILLIAMS 0 .15 *  8.9 *  0.061 * 0.103 
HARDEE 0 .25 *  14.3 *  0.163 0.209 
HILL 0 .20 *  16.2 *  0.069 * 0.155 
HAROSOY r j l  r j l  0.02 2.4 0.011 0.352 
PI  101404B 0.03 5.9 0.026 0.391 
PI  342522A 0.05 2 .3  *  0.020 0.043 
PI  407217 0.02 *  3.1 *  0.010 * 0.029 
PI  81752 0.02 *  5.0 0.017 0.037 
^ Signif icant ly  greater  than the s low-growing control .  
*  Signif icant ly  different  a t  the 0.05 level .  
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Plant- top dry weight  was s ignif icant ly  greater  than that  of  both the 
uninoculated control  and the s low-growing control .  The symbioses  formed 
by these fast-growing s t ra ins  on the other  cul t ivars  were ineffect ive,  and 
a l l  measurements  were not  s ignif icant ly  different  from those of  the 
uninoculated control .  
Fast-growing s t ra in  USDA191 formed effect ive nodules  on a l l  
cul t ivars .  Figures  2  and 3 show acetylene reduct ion and nodule  f resh 
weight  of  North American cul t ivars  inoculated with LISDA191 or  the 
s low-growing control  s t ra in  61A76.  Strains  USDA193,  LISDA201,  and USDA205 
were ineffect ive,  so means were combined.  The fast-growing s t ra in  
USDA191 f ixed ni t rogen as  wel l  as  the s low-growing control  on Harosoy 53 
and Rampage but  not  on Evans and Wil l iams (Table  2) .  
Table  3  l i s ts  correlat ion coeff ic ients  between acetylene reduct ion 
ra te ,  nodule  number,  nodule  f resh weight ,  and top dry weight .  All  
correlat ions were highly s ignif icant .  Acetylene reduct ion was c losely 
correlated with nodule  f resh weight .  Nodule number was a  poor  indicator  
of  acetylene reduct ion.  Values  for  the uninoculated control ,  the 
non-nodulat ing soybean l ine,  and the G.  soja  plant  introduct ions were not  
included because they were abnormal  cases  that  tend to  dis tor t  the 
correlat ions.  
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Table 3 .  Correlat ion coeff ic ients  between acetylene reduct ion ra te .  
nodule  number,  nodule  f resh weight ,  and top dry weight  of  
5-week-old greenhouse soybean plants ,  cul t ivars  Peking,  Virginia ,  
Evans,  Harosoy 63,  Rampage,  Wil l iams,  Hardee,  and Hil l  inoculated 
with R.  f redi i  s t ra ins  USDA191,  USDA1193,  USDA201,  or  USDA205 
or  B.  japonicum s t ra in  51A75 (N = 376 hi l ls)  
Acetylene Nodule Nodule Top Dry 
Reduct ion Number Weight  Weight  
Acetylene 
Reduct ion 1.00 
Nodule 
Number 
Nodule 
Weight  
Top Dry 
Weight  0 .61 *** 0.47 *** 0.70 *** 1.00 
0.49 *** 1.00 
0.77 *** 0.65 *** 1 .00 
*** £  is  less  than or  equal  to  0.001.  
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Figures  4  and 5  show acetylene reduct ion and nodule  f resh weight  of  
cul t ivars  Hil l  (Rj4 Rj4)  and Hardee (Rj2 Rj2,  Rj3 Rj3)  and of  a  
non-nodulat ing isol ine,  Haroso.y r j l  r j l .  The fas t -growing s t ra ins  formed 
effect ive nodules  with Hardee,  but  only USDA191 was s ignif icant ly  
different  from the uninoculated control .  USDA191 formed effect ive nodules  
on Hil l ,  but  acetylene reduct ion was not  s ignif icant ly  different  from the 
uninoculated control .  Acetylene reduct ion in  Hil l  and Hardee inoculated 
with USDA191 was s ignif icant ly  less  than in  the slow-growing control .  
USDA191 and USDA205 formed a  few small  effect ive nodules  on la teral  roots  
of  several  plants  of  the Harosoy r j l  r j l  isol ine.  Bacter ia  recovered 
from the nodules  were ver i f ied as  USDA191 and USDA205.  
Al l  fas t -growing s t ra ins  formed effect ive nodules  with the G.  soja  
plant  introduct ions.  Acetylene reduct ion ra te  was s ignif icant ly  greater  
than that  of  the uninoculated control  with fas t -growing s t ra in  USDA191 and 
the s low-growing control .  Figures  6  and 7 show acetylene reduct ion ra te  
and nodule  f resh weight  for  plants  inoculated with the var ious s t ra ins .  
Acetylene reduct ion of  plants  inoculated with USDA193,  USDA201,  and 
USDA205 was s ignif icant ly  less  than that  of  plants  inoculated with the 
s low-growing control .  Acetylene reduct ion of  PI  101404B and PI  342622A 
inoculated with USDA191 was not  s ignif icant ly  different  from that  of  the 
s low-growing control .  Acetylene reduct ion of  PI  407217 and PI  81762 
inoculated with USDA191 was s ignif icant ly  less  than that  of  the control ,  
USDA 61A75.  PI  81762 is  heavi ly  nodulated in  Iowa soi ls  that  contain 
s low-growing B.  japonicum (R.  G.  Palmer,  unpubl ished resul ts .  Department  
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of  Genet ics ,  Iowa State  Universi ty) .  PI  407217 and PI  342522A are  
nodulated to  a  lesser  degree,  and PI  101404B is  poorly nodulated.  
Discussion 
The combinat ions of  soybean-Rhizobium genotypes that  were c lear ly  
superior  for  ni t rogen f ixat ion were Evans and Hil l  with the slow-growing 
B.  japonicum s t ra in  51A76.  All  fas t -growing s t ra ins  formed effect ive 
nodules  on Peking,  Virginia ,  Hardee,  and the 6 .  soja  plant  introduct ions.  
The cul t ivar  Virginia  i s  a genet ical ly  unimproved genotype from the same 
geographic  locat ion as  Peking.  The cul t ivar  Hardee contains  the 
host- in  effect ive a l le les  Rj2 and Rj3.  The formation of  effect ive nodules  
on Hardee was unexpected,  and an explanat ion was not  evident .  Peking and 
Virginia  showed s ignif icant  ni t rogen f ixat ion with the fast-growing 
s t ra ins .  Strains  USDA193,  USDA201,  and USDA205 formed ineffect ive nodules  
on the other  cul t ivars .  Appendix I I  contains  e lectron micrographs of  
nodule  sect ions prepared by Dr.  S .  Shantharam (Department  of  Genet ics ,  
Iowa State  Univ.)  that  show ineffect ive character is t ics  of  these 
symbioses .  
Fast-growing s t ra in  USDA19I formed effect ive nodules  on a l l  
cul t ivars ,  but  the ni t rogen f ixat ion was not  eff ic ient .  Some symbiot ic  
funct ion was missing or  different  and resul ted in  low rates  of  ni t rogen 
f ixat ion with most  soybean genotypes.  Electron micrographs of  nodule  
t issue from North American cul t ivars  inoculated with USDA19I revealed 
s igns of  s t ructural  defects  (S.  Shantharam, unpubl ished resul ts ,  
Department  of  Genet ics ,  Iowa State  Universi ty ,  see  Appendix I I ) .  
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There are  two necessary components  of  a  good inoculum: ni t rogen-f ixing 
•abi l i ty  and competi t iveness  with indigenous Rhizobia .  Fast-growing 
s t ra ins  exhibi t  nei ther  character is t ic .  McLoughlin e t  a l .  (1985)  reported 
that  the fast-growing R.  f redi i  s t ra ins  were poor  compet i tors  with 
s low-growing s t ra ins  in  plast ic  growth pouches and showed var iable  
competi t iveness  in  pots  of  Midwestern soi ls  that  contained indigenous 
Rhizobia .  Competi t ive abi l i ty  of  the fast-growing s t ra ins  in  f ie ld  tes ts  
has  not  been reported.  
Because fas t -growing s t ra ins  are  more amenable  to  genet ic  
manipulat ion,  poor  ni t rogsn-f ixing bacter ia  potent ia l ly  can be improved.  
Genes for  symbiot ic  funct ion in  the bacter ia l  symbiont  need to  be i solated 
and character ized to  ident i fy  the genes responsible  for  high ra tes  of  
ni t rogen-f ixat ion on selected soybean genotypes.  For  a  review of  current  
progress  see Verma and Long (1983) .  At  present ,  superior  combinat ions 
must  be ident i f ied by screening genotypes of  interest  with var ious 
bacter ia l  s t ra ins .  
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PART I I .  USE OF SOYBEAN HYDROPONIC GROWTH SYSTEM TO STUDY HOST CONTROL OF 
MODULATION WITH RHIZOBIUM FREDII  AND BRADYRHIZOBIUM JAPONICUM 
Abstract  
We have used a  soybean (Glycine max L.  Merr . )  hydroponic  system to  s tudy 
host  control  of  modulat ion by fas t -growing Rhizobium fredi i  and 
s low-growing Bradyrhizobium japonicum. Nodules  were not  formed on soybean 
cul t ivars  grown hydroponical ly  that  produced ineffect ive nodules  when grown 
in  vermicul i te .  Nodules  were formed on compatible  cul t ivars  by mutant  
s t ra ins  that  f ixed l i t t le  or  no ni t rogen.  
Introduct ion 
Hydroponic  growth systems have been used to  s tudy host  control  of  
nodulat ion in  the soybean (Glycine max L.  Merr i l l )  -Bradyrhizobium 
ni t rogen-f ixing symbiosis .  Rals ton and Imsande (1983)  developed a  method 
for  growing individual  plants  in  l i ter  f lasks  of  nutr ient  solut ion.  A 
s ingle  inoculat ion of  plants  a t  four  weeks af ter  germinat ion al lowed the 
synchronous development  of  approximately 1000 nodules  per  plant .  They used 
this  method to  s tudy ni t ra te  inhibi t ion of  nodulat ion.  Concentrat ions 
greater  than or  equal  to  2 .0  mM n i t ra te  res t r ic ted nodule  development  but  
not  ni t rogen f ixat ion in  nodules  formed.  Exposure to  high levels  of  
n i t ra te  up to  8  days af ter  inoculat ion blocked nodule  formation.  This  
observat ion indicated that  soybean plants  act ively regulated nodulat ion in  
this  hydroponic  growth system. In  other  words,  s ignals  in  the environment  
a l tered nodule  formation on plant  roots .  Singleton (1983)  created a 
hydroponic  growth system that  placed spl i t  roots  from a  s ingle  plant  in  two 
different  solut ions.  Although the pr imary role  of  this  system was to  
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evaluate  the effect  of  sal ini ty  on the ni t rogen-f ixing symbiosis  (Singleton 
and Bohlool ,  1983) ,  Singleton also examined the effect  of  inoculat ion with 
an ineffect ive s t ra in  on one set  of  roots  on subsequent  inoculat ion with an 
effect ive s t ra in  on the other  set  of  roots .  Pr ior  inoculat ion with an 
Ineffect ive s t ra in  reduced the number of  nodules  formed by la ter  
inoculat ion of  other  roots  with an effect ive s t ra in .  He concluded that  a  
f ixed number of  s i tes  are  avai lable  for  nodule  formation and that  ear ly  
events  in  the nodulat ion process  determined whether  those s i tes  were 
f i l led.  These observat ions agreed with those of  Rals ton and Imsande.  
In  re la ted s tudies  by Singleton and Stockinger  (1983)  and Kosslak and 
Bohlool  (1984)  host  control  of  nodulat ion was s tudied in  vermicul i te .  
Kosslak and Bohlool  examined the hypothesis  of  l imited s i tes  for  nodule  
formation.  They used a  spl i t - root  system in  vermicul i te  and inoculated 
both s ides  with two different  effect ive s t ra ins  of  B.  japonicum. 
Suppression of  nodulat ion on the second set  of  roots  var ied with the t ime 
between inoculat ion of  the two s ides  and the day length and l ight  intensi ty  
under  which plants  were grown.  Total  suppression of  nodulat ion on the 
second set  of  roots  was observed with plants  grown in  shady condi t ions and 
a  48-hour  delay of  inoculat ion of  the second set  of  roots .  This  supported 
the hypothesis  of  host  control  of  nodule  number.  Singleton and Stockinger  
(1983)  inoculated soybeans with a  ser ies  of  ra t ios  of  ineffect ive and 
effect ive B.  japonicum s t ra ins .  Effect ive nodule  t issue mass was formed by 
the plant  a t  a  constant  level  despi te  var ia t ion in  the proport ion of  
nodules  that  were effect ive,  when effect ive nodules  const i tuted 75 to  100% 
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of the nodules. This observation revealed a different type of host 
Modulation control that responded to the type of inoculum. 
Host  control  of  nodule  formation in  ear ly  s tages  of  nodule  development  
has  been demonstrated.  The hydroponic  growth system of  Rals ton and Imsande 
seems ideal ly  sui ted to  fur ther  invest igate  control  of  nodule  number and 
response to  different  types of  inoculum. Host  nodulat ion control  with a  
ser ies  of  mutants  in  ear ly  nodulat ion and ni t rogen f ixat ion should be 
examined.  Most  genotypes of  max are  ineffect ively nodulated by a  
species  of  bacter ia  from another  genus (Keyser  e t  a l . ,  1982) .  Nodulat ion 
with this  species ,  Rhizobium fredi i  (Schol ia  and Elkan,  1984) ,  may be 
d i f ferent  from nodulat ion with B.  japonicum. Nine genotypes of  soybean 
were used in  combinat ion with three wild- type s t ra ins  of  R.  f redi i ,  two 
Nif-  mutants  of  ^  fredi i ,  and f ive symbiot ic  mutants  of  ^  japonicum to  
s tudy host  control  of  nodulat ion.  
Mater ia ls  and Methods 
Bacter ia l  s t ra ins  
Rhizobium fredi i  s t ra ins  USDA193 and LISDA201 were obtained from H.  
Keyser ,  USDA Rhizobium Collect ion,  Bel tsvi l le ,  MD.,  Rhizobium fredi i  s t ra in  
USDA191 f rom Don Phi l l ips ,  Univ.  of  Cal i fornia ,  Davis ,  and Bradyrhizobium 
japonicum s t ra ins  61A76,  SMI,  SM2, and SM4 from W. J .  Bri l l ,  Univ.  of  
Wisconsin,  Madison,  WI.  B.  japonicum s t ra in  80 was obtained from Harold 
Peterson,  Mississ ippi  State  Univ. ,  Starkvi l le ,  MS. B.  japonicum s t ra in  
61A24 was obtained from Nitragin Co. ,  Madison,  WI.  R.  f redi i  s t ra ins  IA13 
and IA14 were produced in  this  s tudy.  Each s t ra in  was grown in  YM broth 
{Vincent ,  1970)  to  la te  log phase ,  approximate ly  1  x 10^ ce l l s /ml . ,  for  use  
as  inoculum.  
Isola t ion of  R.  f redi i  s t ra in  IA13 
R.  f redi i  s t ra in  USDA193 was  mainta ined for  27 months  fay  s t reaking 
s ingle  colonies  on TY p la tes  (5  g .  Bacto- t ryptone,  3  g .  yeas t  ext rac t ,  and 
15 g .  Bacto-agar  per  l i te r  water ;  Ber inger ,  1974)  every  5  weeks .  Each 
s tock was  tes ted  for  nodula t ion and n i t rogen f ixat ion on soybean (Glycine  
max L.  Merr . )  cul t ivar  'Peking ' .  Af ter  27 months ,  a  s t ra in  was i so la ted  
which d id  not  f ix  ni t rogen on Peking.  This  s t ra in  has  faeen des ignated R.  
f redi i  s t ra in  IA13.  
I sola t ion of  R.  f redi i  s t ra in  IA14 
R.  f redi i  s t ra in  IA14 i s  a  der ivat ive  of  s t ra in  USDA193 which conta ins  
the  t ransposon Tn^ in  the  186 MDal .  p lasmid (pSyml93) .  This  p lasmid has  
been shown to  conta in  sequences  homologous  to  the  s t ructura l  n i f  genes  and 
common genes  of  R.  mel i lo t i  (Masterson e t  a l . ,  1982) .  S t ra in  IA14 i s  
unable  to  f ix  ni t rogen in  a  symbiosis  wi th  soybean cv .  Peking.  The method 
of  Simon e t  a l .  (1983)  was  used to  genera te  random inser t ions  of  Tn^ in  the  
genome of  USDA193.  One ml .  of  an  overnight  cul ture  of  USDA193 in  TY l iquid  
medium and one ml .  of  an  overnight  cul ture  of  Escher ichia  col i  s t ra in  
SMlO-1011 in  LB l iquid  medium (10 g .  Bacto- t ryptone (Difco) ,  5  g .  yeas t  
ext rac t ,  and 10 g .  NaCl  in  1  l i te r  water)  conta in ing 50 ug. /ml .  kanamycin  
su l fa te  (Km, Sigma)  and 20 ug. /ml .  chloramphenicol  (Cm,  Sigma)  were  mixed 
in  a  s ter i le  tes t  tube .  The ra t io  of  donor  to  rec ipient  was  10:1 .  Cel ls  
were  pe l le ted  by cent r i fugat ion a t  3000 r .p .m.  for  10 minutes .  The pe l le t  
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was resuspended in  1  ml .  of  s ter i le ,  d is t i l led  water .  Cel ls  were  p laced on 
a  s ter i le  0 .45 urn n i t rocel lu lose  f i l te r  {Type HA,  Mil l ipore  Corporat ion)  by 
pushing the  ce l l  suspension through a  f i l te r  appara tus  wi th  a  s ter i le  5  ml .  
syr inge.  The f i l te r  was p laced,  ce l l  s ide  up,  on a  TY p la te .  After  
incubat ion for  72 hours  a t  28 °C. ,  the  ce l ls  were  resuspended in  5  ml .  TY 
l iquid  wi th  50% g lycerol ,  d i lu ted ,  and p la ted  on appropr ia te  se lec t ive  
media .  R.  f redi i  t ransconjugants  wi th  the  t ransposon Tn5 inser ted  in  the i r  
genomes were  se lec ted  on a  minimal  medium conta ining 100 ug. /ml .  Km. and 
50 ug. /ml .  s t reptomycin  sul fa te  (Sm. ,  S igma) .  The presence  of  Tn5 in  the  
t ransconjugants  was  ver i f ied  by colony hybr id iza t ion (Grunste in  and 
Hogness ,  1975) .  Transconjugants  wi th  Tn^ inser ted  in  pSyml93 were  
ident i f ied  by the i r  abi l i ty  to  t ransfer  Km res is tance  to  E.  col i  s t ra in  
HBlOl  (Boyer  and Roul lard-Dussoix ,  1959)  in  the  presence  of  the  helper  
p lasmid pRLlSO (Hooykaas  e t  a l . ,  1982a)  and by hybr id iza t ion of  
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P- label led  plasmid pBR322: :Tn5 to  dr ied  agarose  gels  of  Eckhardt  p lasmid 
preparations (Eckhardt, 1978; Rosenberg et al., 1982). Transconjugants 
with  Tn^ in  pSyml93 were  screened for  a l tered  symbiot ic  proper t ies  in  
greenhouse  modula t ion tes ts .  One i so la te ,  des ignated IA14,  formed 
ef fec t ive- looking nodules  tha t  d id  not  f ix  ni t rogen on Peking.  
Plant  mater ia l  
Seeds  of  soybean (Glycine  max L.  Merr . )  cul t ivars  'Peking ' ,  
'Virginia ' ,  'Evans ' ,  'Harosoy ' ,  'Rampage ' ,  'Wil l iams ' ,  'Hi l l ' ,  'Hardee ' ,  
and 'Harosoy r j l  r j l '  were  surface-s ter i l ized and germinated by the  method 
of  Rals ton and Imsande (1983) .  Seedl ings  were  t ransferred  to  hydroponic  
growth medium,  mainta ined,  and inocula ted  by the  method of  Rals ton and 
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Imsande (1983) .  The hydroponic  growth medium used in  th is  s tudy conta ined 
1 .0  mM MES (Sigma) ,  pH 5 .9 ,  and 1 .0  mM KNOg,  P lants  were  inocula ted  4  
weeks  a f ter  germinat ion.  Acetylene  reduct ion assays  were  performed us ing 
p in t  ja rs ,  4  and 5  weeks  a f ter  inocula t ion (Imsande and Rals ton,  1981) .  
Ten u l .  of  gas  were  removed a t  10,  20,  and 30 minutes  and in jec ted  in  a  
Car le  Analyt ica l  Gas  Chromatograph wi th  a  Porapak T column and a  f lame 
ionizat ion detec tor .  After  the  second assay,  p lants  were  weighed.  Nodules  
were  then removed,  counted,  and weighed.  Severa l  nodules  were  re ta ined for  
bacter ia l  s t ra in  ident i f ica t ion.  
For  greenhouse  t r ia ls ,  seeds  of  soybean cul t ivars  Peking,  Virginia ,  
Wil l iams,  and Harosoy were  surface-s ter i l ized by soaking them for  10 
minutes  in  70% e thanol  and r ins ing then three  t imes  in  s ter i le  water .  
Seeds  were  soaked in  the  las t  r inse  for  3  hours .  Seeds  were  t ransferred  to  
wet ,  s ter i le  paper  towels  in  a  fo i l -covered,  meta l  cake  pan and incubated 
for  3  days  a t  28 °C.  Peking and Virginia  seedl ings  were  inocula ted  wi th  
Rhizobiurn  s t ra ins  and Wil l iams and Harosoy were  inocula ted  wi th  
Bradyrhizobium s t ra ins .  Seedl ings  were  soaked in  bacter ia l  inoculum for  15 
minutes  before  p lant ing in  four- inch pots  of  vermicul i te  (Terra! i te)  wet ted  
wi th  100 ml .  of  n i t rogen-free  nut r ient  solut ion (Weaver  and Freder ick ,  
1972) .  To minimize  contaminat ion,  s tyrofoam beads  (Minnesota  Divers i f ied ,  
New Br ighton,  MN) were  p laced over  the  vermicul i te  a f ter  plant ing and pots  
were  watered a t  the  bot tom,  da i ly ,  wi th  d is t i l led  water  tha t  was  f i l te red  
to  remove bacter ia l  contaminants  (Pal l ,  Ul t ipor  0 .45 um.  d isposable  
f i l te r ) .  After  5  weeks ,  the  p lants  were  harves ted .  Roots  were  p laced in  
250-ml .  Er lenmeyer  f lasks .  The f lasks  were  sea led  wi th  a  rubber  septum.  
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Acetylene  reduct ion assays  were  performed as  descr ibed above.  Nodules  were  
removed and counted.  Severa l  nodules  were  re ta ined for  bacter ia l  s t ra in  
ident i  f ica t ion.  
Ident i f ica t ion of  bacter ia l  s t ra ins  
Nodules  were  surface-s ter i l ized by soaking them for  5  minutes  in  70% 
e thanol  and r ins ing in  s ter i le  water .  They were  individual ly  crushed in  1  
ml .  of  s ter i le  water  and spread on YM p la tes  wi th  congo red  (Sigma)  and YH 
p la tes  wi th  bromothymol  b lue  (Sigma) .  Fas t -growing s t ra ins  formed s l imy,  
whi te  colonies  on congo red  and turned bromothymol  b lue  p la tes  deep b lue .  
Bacter ia l  s t ra ins  recovered f rom nodules  were  ident i f ied  by agarose  gel  
e lec t rophores is  of  p lasmid DNA wi th  the  modif ied  Eckhardt  procedure  of  
Rosenberg  e t  a l .  (1982) .  
Exper imenta l  des ign and analys is  
Analys is  of  var iance  was  performed on data  to  tes t  for  homogenei ty  of  
s t ra ins ,  genotypes ,  and,  most  impor tant ly ,  the i r  in teract ions .  Analyses  of  
var iance ,  corre la t ions ,  and t - tes ts  were  done by us ing SAS (1982) .  
Resul ts  
Modula t ion wi th  s low-growing Bradyrhizobium japonicum s t ra in  61A76 
Modula t ion character is t ics  of  soybean genotypes  inocula ted  wi th  
s low-growing B.  japonicum s t ra in  61A76 were  compared to  determine i f  host  
control  of  nodula t ion in  a  hydroponic  growth sys tem was d i f ferent  f rom 
control  of  nodula t ion in  a  sol id  suppor t .  Table  1  l i s t s  means  for  nodule  
number ,  nodule  f resh  weight ,  and nodule  number  range for  n ine  soybean 
genotypes .  The h ighes t  mean nodule  number  was  358.5  nodules /p lant  for  
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Will iams inocula ted  wi th  s low-growing s t ra in  51A75.  The lowest  mean 
nodule  number  was  30 .5  for  Hi l l  inocula ted  wi th  s low-growing s t ra in  51A75.  
F igure  1  shows mean nodule  number  of  e ight  soybean genotypes  35 days  a f ter  
inocula t ion in  hydroponics  or  vermicul i te .  Nodule  number  in  hydroponics  
was  s igni f icant ly  greater  for  a l l  genotypes  except  Hi l l  and the  Harosoy 
r j l  r j l  i sol ine .  The non-nodula t ing genotype d id  not  form nodules  in  
vermicul i te  or  hydroponics  wi th  s low-growing s t ra in  51A76.  More  nodules  
a re  formed on p lants  grown in  a  hydroponic  growth sys tem than in  p lants  
grown in  vermicul i te .  
There  are  severa l  reasons  for  the  uneven sample  s izes .  Some 
combinat ions  were  repeated more  of ten  because  they were  controls  for  a  
par t icular  se t  of  exper iments .  Space  l imi ta t ions  and the  need to  
concentra te  on combinat ions  of  the  most  in teres t  were  the  major  reasons  
for  the  uneven sample  s izes .  Final ly ,  severa l  p lants  over  the  course  of  
th is  s tudy had to  be  cul led  when they developed a  s l imy root  ro t .  Al l  of  
the  combinat ions  were  used in  a t  leas t  two exper iments  in  the  course  of  
th is  s tudy.  Combinat ions  were  repl ica ted  in  each exper iment .  
The greates t  range of  nodule  number  was  tha t  of  Peking.  Nodule  
number  ranged f rom 2 to  1000 nodules /p lant .  Virginia  and Wil l iams had the  
next  la rges t  range,  8  to  831 and 54 to  842 nodules /p lant ,  respect ively .  
Evans ,  Harosoy,  and Hardee  had smal ler  ranges ,  5  to  448,  0  to  310,  and 2  
to  387 nodules /p lant ,  respect ively .  The smal les t  ranges  were  measured 
wi th  Hi l l  and Rampage.  The range wi th  Rampage was  31  to  147 
nodules /p lant .  The range wi th  Hi l l  was  0  to  126 nodules /p lant .  
Table  1 .  Mean nodule  number ,  nodule  f resh  weight ,  and range of  
nodule  numbers  for  soybean genotype-rhizobia  combinat ions  
(s tandard  er rors  in  parentheses)  
STRAIN CULTIVAR N NODULE NO.  NODULE WT.  RANGE 
/p lant  g /plant  nodules /p lant  
Control  Pekinq 12 O
 
o
 
0 .000 0  
Virginia  8  
o
 
o
 0 .000 0  
Evans  5  0 .0  0 .000 0  
Harosoy 6  0 .2  0 .002 0-1  
(0 .2)  (0 .002)  
Rampage 2  0 .0  0 .000 0  
Wil l iams 7  1 .4  0 .046 1-10 
(1 .4)  (0 .046)  
Hardee  5  0 .0  0 .000 0  
Hi l l  5  
o
 
o
 0 .000 0  
Harosoy r j l r j l  3  o 
o
 0 .000 0  
USDA193 Pekinq 7  24.1  0 .400 2-56 
(8 .4)  (0 .252)  
Evans  10 0 .9  0 .098 0-3  
(0 .4)  (0 .076)  
Harosoy 10 0 .8  0 .009 0-3  
(0 .3)  (0 .004)  
Rampage 4  0 .0  0 .000 0  
Wil l iams 6  8 .7  0 .322 0-41 
(6 .7)  (0 .252)  
Hardee  5  85.8  1 .835 0-279 
(51.1)  (0 .892)  
Hi l l  6  0 .3  0 .002 0-2  
(0 .3)  (0 .002)  
Harosoy r j l r j l  4  0 .0  0 .000 0  
USDA201 Pekinq 8  27.6  0 .562 2-85 
(10.5)  (0 .382)  
Virgi  n ia  5  51.5  0 .154 2-244 
(39.3)  (0 .045)  
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Table  1 .  (Cont inued)  
STRAIN CULTIVAR N NODULE NO.  NODULE WT.  RANGE 
Evans  10 0 .0  0 .000 0  
Harosoy 10 1 .5  0 .044 0-8  
(1 .0)  (0 .034)  
Rampage 4  0 .0  0 .000 0  
Wil l iams 4  1 .3  0 .158 0-3  
(0 .8)  (0 .097)  
Hardee  3  100.3  1 .525 55-154 
(27.3)  (0 .555)  
0  Hi l l  5  0 .0  0 .000 
Harosoy r j l r j l  4  o
 
o
 
0 .000 0  
USDA191 Peking 8  22.0  0 .109 0-150 
(18.4)  (0 .072)  
Virginia  5  103.8  0 .492 0-335 
(57.5)  (0 .290)  
Evans  9  5 .1  0 .116 0-37 
(4 .0)  (0 .095)  
Harosoy 10 295.7  0 .803 5-1030 
(132.5)  (0 .235)  
Rampage 4  0 .0  0 .000 0  
Wil l iams 4  555.0  3 .258 271-978 
(167.8)  (0 .580)  
Hardee  4  155.3  2 .911 41-312 
(58.0)  (0 .987)  
3-391 Hi l l  5  148.8  1 .352 
(83.9)  (0 .585)  
Harosoy r j l r j l  4 0 .0  0 .000 0  
51A76 Peking 12 313.5  1 .006 20-1000 
(80.3)  (0 .192)  
Virginia  6  192.8  1 .024 8-831 
(130.3)  (0 .503)  
Evans  8  179.53 0 .576 5-448 
(57.0)  (0 .152)  
Harosoy 12 142.8  1 .142 0-310 
(34.9)  (0 .530)  
Rampage 4  83 .8  1 .150 31-147 
(25.5)  (0 .084)  
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Table  1 .  (Cont inued)  
STRAIN CULTIVAR N NODULE NO.  NODULE WT.  RANGE 
Wil l iams 5  358.6  1 .559 64-842 
(170.0)  (0 .520)  
Hardee  6  126.8  1 .300 2-387 
(68.9)  (1 .032)  
Hi l l  5  30.5  0 .191 0-126 
(21.1)  (0 .140)  
Harosoy r j l r j l  4  0 .0  0 .000 0  
Figure  1 .  Mean nodule  number  of  e ight  soybean genotypes ,  grown in  
hydroponics  or  vermicul i te ,  f ive  weeks  a f ter  inocula t ion wi th  
Bradyrhizobium japonicum s t ra in  61A76 
400 Nodule Number, nodules/plant 
•I hydroponics 
ra vermlculite 
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200 
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Virginia Rampage Hardee Harosoy 
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Figure  2 .  Mean nodule  f resh  weight  of  e ight  soybean genotypes ,  grown in  
hydroponics  or  vermicul i te ,  f ive  weeks  a f ter  inocula t ion wi th  
Bradyrhizobiuni  japonicum s t ra in  61A76 
2 . 0  Nodule Fresh Weight, gm/plant 
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The highes t  mean nodule  f resh  weight  was  1 .559 g /plant  for  Wil l iams 
inocula ted  wi th  s t ra in  51A76.  The lowest  mean nodule  weight  was  0 .191 
g /plant  for  Hi l l  inocula ted  wi th  s t ra in  61A75.  F igure  2  shows mean nodule  
f resh  weight  of  e ight  soybean genotypes  35 days  a f ter  inocula t ion in  
hydroponics  or  vermicul i te .  Nodule  f resh  weight  was  s igni f icant ly  greater  
for  a l l  of  the  genotypes  in  hydroponics  except  for  Hi l l  and the  Harosoy 
r j l  r j l  i sol ine .  
Nodule  number  ranged f rom a  few nodules  to  severa l  hundred nodules  
for  the  repl ica tes  of  one  genotype.  This  indicated  tha t  the  sys tem was 
sens i t ive  to  growth condi t ions  or  inocula t ion condi t ions .  Some genotypes  
had more  nodules  than o thers ,  consis tent ly .  This  indicated  a  hos t  genet ic  
component  control l ing  nodule  number  tha t  i s  less  sens i t ive  to  growth 
condi t ions .  
Modula t ion wi th  fas t -growing Rhizobium f redi i  s t ra ins  
Host  control  of  nodula t ion was  greater  in  the  hydroponic  growth 
sys tem than in  vermicul i te .  Table  2  l i s t s  the  ef fec t ive  and ineffec t ive  
symbioses  formed by the  fas t -growing R.  f redi i  s t ra ins  USDA191,  USDA193,  
and USDA201 in  sol id  suppor t  (vermicul i te ,  sand,  and so i l ) .  An e f fec t ive  
symbiosis  between a  soybean genotype and a  bacter ia l  s t ra in  resul ted  in  
the  format ion of  nodules  in  hydroponics .  An ineffec t ive  symbiosis  rare ly  
produced nodules  in  hydroponics .  Table  1  presents  the  mean nodule  number  
and range of  nodule  numbers  for  n ine  soybean genotypes  wi th  the  
fas t -growing R.  f redi i .  Ineffect ive  symbioses  between the  fas t -growing 
s t ra ins  and Evans ,  Harosoy,  Rampage,  Wil l iams,  and Hi l l  produced few 
nodules ,  i f  any.  On the  o ther  hand,  e f fec t ive  symbioses  between the  
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fas t -growing s t ra ins ,  USDA193 and USDA201,  and Peking,  Virginia ,  and 
Hardee  produced nodules .  USDA191 forned ef fec t ive  symbioses  in  sol id  
suppor t  wi th  the  e ight  nodula t ing soybean genotypes  in  Table  1 .  The 
h ighes t  mean nodule  number  was  555.0  for  Wil l iams inocula ted  wi th  USDA191.  
The lowest  mean nodule  number  was  6 .1  for  Evans .  No nodules  were  formed 
on Rampage inocula ted  wi th  USDA191.  Acetylene  reduct ion of  35-day-old  
p lants  was  low in  vermicul i te-grown Rampage.  This  symbiosis  was  unique in  
tha t  u l t ras t ructura l  examinat ion of  the  nodules  showed some 
character is t ics  of  an  ineff ic ient  or  ineffec t ive  symbiosis  ( see  Appendix  
I I ) .  No nodules  were  formed by the  fas t -growing R.  f redi i  s t ra ins  on the  
non-nodula t ing soybean i so l ine  Harosoy r j l  r j l .  
Peking i s  considered the  control  hos t  for  the  fas t -growing ^  fredi i  
s t ra ins .  USDA193,  USDA201,  USDA191 had mean nodule  numbers  of  24 .1 ,  27 .5 ,  
and 22.0 ,  respect ively .  This  i s  s igni f icant ly  less  than the  mean of  313.6  
nodules /p lant  for  the  s low-growing s t ra in ,  61A76.  Virginia  produced 51.5 ,  
103.8 ,  and 192.8  nodules /p lant  when inocula ted  wi th  USDA201,  USDA191,  and 
s t ra in  61A76,  respect ively .  Hardee  produced 85.8 ,  100.3 ,  156.3 ,  and 125.8  
nodules /p lant  when inocula ted  wi th  USDA193,  USDA201,  USDA191,  and s t ra in  
61A76,  respect ively .  These  nodule  numbers  were  not  s igni f icant ly  
d i f ferent .  
Factors  involved in  nodula t ion control  
The ro le  of  n i t rogen f ixat ion in  host  control  of  nodula t ion in  
hydroponics  was  inves t igated .  Table  3  l i s t s  mean acetylene  reduct ion,  
speci f ic  ac t iv i ty  of  acetylene  reduct ion,  and f resh  weight  of  p lants  f rom 
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Table  2 .  Class i f ica t ion of  n i t rogen-f ix ing symbioses  formed by the  
fas t -growing Rhizobium f redi i  wi th  n ine  soybean 
genotypes  in to  ef fec t ive ,  ineffec t ive ,  and non-nodula t ing 
genotypes  a f ter  Vest  e t  a l . ,  1973 
USDA193 USDA201 USDA191 
Peking Ea E E 
Virginia  E E E 
Evans  I  I  E 
Harosoy I  I  E 
Rampage I  I  E 
Wil l iams I  I  E 
Hardee  E E E 
Hi l l  I  I  E 
Harosoy r j l r j l  N N N 
^  E e f fec t ive ,  I  ineffec t ive ,  N non-nodula t ing.  
65 
nine  soybean genotypes  inocula ted  wi th  fas t -growing R.  f redi i  s t ra ins  and 
B.  japonicum s t ra in  51A76.  The e ight  nodula t ing genotypes  of  soybean 
inocula ted  wi th  s low-growing s t ra in  61A75 showed acetylene  reduct ion ra tes  
and speci f ic  ac t iv i t ies  s igni f icant ly  greater  than control  means .  The 
acetylene  reduct ion ra tes  ranged f rom 0 .83 umol . /hr .  for  Hi l l  to  8 .54 
umol . /hr .  for  Hardee .  Speci f ic  ac t iv i t ies  for  p lants  inocula ted  wi th  
s t ra in  61A76 ranged f rom 1 .42 umol . /hr . /gm.  nodule  f resh  wt .  for  Hi l l  to  
13.83 umol . /hr . /gm.  nodule  f resh  wt .  for  Hardee .  
The ef fec t ive  symbioses  formed by the  fas t -growing ^  fredi i  s t ra ins  
showed mean acetylene  reduct ion ra tes  and mean speci f ic  ac t iv i t ies  
s igni f icant ly  greater  than the  control  ra tes .  Peking inocula ted  wi th  
USDA193,  USDA201,  and USDA191 gave acetylene  reduct ion ra tes  of  1 .57,  4 .41,  
and 0 .59 umol . /hr . ,  respect ively .  USDA201 and USDA191 gave acetylene  
reduct ion ra tes  of  0 .52 and 0 .46 umol . /hr . ,  respect ively ,  wi th  Virginia .  
Mean ra tes  of  7 .35,  1 .13,  and 7 .25 umol . /hr .  were  observed for  Hardee  
inocula ted  wi th  USDA193,  USDA201,  and USDA191,  respect ively .  The o ther  
four  ef fec t ive  symbioses  formed by USDA191 showed acetylene  reduct ion ra tes  
s igni f icant ly  greater  than control  ra tes .  
Tables  4 ,  5 ,  5 ,  7 ,  and 8  present  an  analys is  of  var iance  of  the  
ef fec ts  of  bacter ia l  s t ra in  and soybean cul t ivar  on nodule  number ,  nodule  
f resh  weight ,  acetylene  reduct ion ra te ,  speci f ic  ac t iv i ty  of  acetylene  
reduct ion,  and p lant  f resh  weight ,  respect ively .  Nodule  number ,  nodule  
f resh  weight ,  and acetylene  reduct ion ra te  show highly  s igni f icant  
components  of  var iance  for  bacter ia l  s t ra in ,  soybean genotype,  and the  
in teract ion of  the  two.  Simply,  th is  means  tha t  bacter ia l  s t ra ins  produce 
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Table  3 .  Mean acetylene  reduct ion,  speci f ic  ac t iv i ty ,  and p lant  
f resh  weight  for  soybean genotype-rhizobia  combinat ions  
(s tandard  er rors  in  parentheses)  
STRAIN CULTIVAR N ACET.a  SPAC.b PLANT FRESH WT.c  
Control  Peking 12 0 .01 0 .00 55.0  
(0 .004)  (6 .5)  
Virginia  8  0 .00 0 .00 80.5  
(3 .7)  
Evans  6  0 .00 0 .00 47.9  
(9 .6)  
Harosoy 6  0 .00 0 .00 71.0  
(6 .1)  
Rampage 2  0 .00 0 .00 72.8  
(1 .4)  
Wil l iams 7  0.22  0 .26  80.9  
(0 .15)  (0 .25)  (12.5)  
Hardee  5  0 .03 0 .00 71.5  
(0 .02)  (8 .7)  
Hil l  6  0 .01 0 .00 86.7  
(0 .00)  (5 .2)  
Harosoy r j l r j l  3  0 .00 0 .00 98.2  
(0 .6)  
USDA193 Peking 7  1 .57 6 .10 62.9  
(0 .84)  (2 .87)  (7 .5)  
Evans  10 0 .25 15.94 60.0  
(0 .12)  (14.14)  (9 .1)  
Harosoy 10 0 .10 13.30 72.5  
(0 .04)  (6 .90)  (6 .1)  
Rampage 4  0 .00 0 .00 56.5  
(5 .1)  
Wil l iams 6  4 .06 4 .29 74.8  
(3 .14)  (2 .72)  (9 .4)  
Hardee  5  7 .35 2 .77 88.2  
(3 ,06)  (1 .27)  (4 .3)  
,  nmol /p lant /s .  
nmol /g .  nodule  f resh  weight /s .  
g /p lant .  
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Table  3 .  (Cont inued)  
STRAIN CULTIVAR'  N ACET.  SPAC.  PLANT FRESH WT. 
Hi l l  6  
Harosoy r j l r j l  4  
USDA201 Peking 8  
Virginia  6  
Evans  10 
Harosoy 10 
Rampage 4  
Wil l iams 4  
Hardee  3  
Hi l l  6  
Harosoy r j l r j l  4  
USDAI91 Peking 8  
Virginia  5  
Evans  9  
Harosoy 10 
Rampage 4  
Wil l iams 4  
Hardee  4  
Hi l l  5  
Harosoy r j l r j l  4  
61A76 Peking 12 
0 .04 1 .85 79.5  
(0 .02)  (1 .85)  (4 .5)  
0 .00 0 .00 99.5  
(4 .0)  
4 .41 24.25 64.3  
(2 .27)  (14.65)  (6 .5)  
0 .52 6 .31 61.5  
(0 .15)  (2 .90)  (8 .2)  
0.01 0 .00 53.6  
(0 .01)  (5 .5)  
0 .73 2 .94 89.0  
(0 .50)  (2 .01)  (6 .0)  
0 .00 0 .00 60.2  
(0 .4)  
0 .38 1 .59 100.1  
(0 .36)  (1 .59)  (13 .8)  
1.13 0 .63 79.2  
(0 .54)  (0 .14)  (5 .8)  
0 .04 0 .00 85.3  
(0 .04)  (11.7)  
0 .00 0 .00 96.8  
(4 .3)  
0 .59 9 .88 71.3  
(0 .21)  (4 .08)  (8 .0)  
0.45 3 .41 74.3  
(0 .27)  (2 .59)  (1 .9)  
0.71 4 .93 45.1  
(0 .56)  (3 .58)  (4 .3)  
4 .77 9 .03 70.0  
(1 .51)  (2 .37)  (4 .9)  
0 .00 0 .00 64.6  
(1 .8)  
24.39 6.25  89 .7  
(10.91)  (2 .12)  (8 .0)  
7 .25 3 .03 79.5  
(2 .50)  (0 .96)  (9 .6)  
2.82 4.24  77.3  
(0 .81)  (1 .51)  (5 .8)  
0 .00 0 .00 92.8  
(8 .4)  
2 .48 2 .92 62.1  
(1 .46)  (1 .14)  (6 .8)  
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Table  3 .  (Cont inued)  
STRAIN CULTIVAR N ACET.  SPAC.  PLANT FRESH WT. 
Virginia  6  4 .11 4 .10 75.1  
(1 .99)  (0 .46)  (5 .1)  
Evans  8  3 .58 5 .98 48.3  
(0 .97)  (0 .95)  (2 .7)  
Harosoy 12 3 .13 5 .25 72.1  
(0 .95)  (1 .25)  (7 .3)  
Rampage 4  2 .46 2 .11 75.2  
(0 .69)  (0 .58)  (1 .3)  
Wil l iams 5  7 .98 3 .68 75.3  
(3 .90)  (1 .22)  (17.1)  
Hardee  6  8 .54 13.83 68.1  
(7 .50)  (6 .42)  (9 .8)  
Hi l l  6  0 .83 1 .42 76.2  
(0 .72)  (0 .85)  (6 .2)  
Harosoy r j l r j l  4  0 .00 0 .00 85.6  
(2 .6)  
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consis tent  pa t terns  of  nodule  number ,  nodule  weight ,  and acetylene  
reduct ion ra te .  Cul t ivars  produce consis tent  pat terns  of  nodule  number ,  
nodule  weight ,  and acetylene  reduct ion ra te .  But  some combinat ions  of  
bacter ia l  s t ra in  and soybean cul t ivar  produce more  or  less  than expected.  
Speci f ic  ac t iv i ty  of  acetylene  reduct ion shows no s igni f icant  var ia t ion for  
bacter ia l  s t ra in ,  soybean cul t ivar ,  or  in teract ion of  the  two.  This  i s  
consis tent  wi th  the  idea  tha t  wi ld- type,  e f fec t ive  s t ra ins  on these  
cul t ivars  have approximate ly  the  same speci f ic  ac t iv i ty  of  n i t rogenase  
enzyme wi th in  exper imenta l  e r ror .  Final ly ,  p lant  f resh  weight  showed 
h ighly  s igni f icant  var iance  for  soybean cul t ivars .  Plant  f resh  weight  was  
s igni f icant ly  corre la ted  wi th  acetylene  reduct ion for  each genotype.  
Another  growth fac tor  may have been l imi t ing because  p lant  weight  was  not  
h ighly  corre la ted  wi th  acetylene  reduct ion in  corre la t ions  of  the  combined 
data  for  a l l  genotypes  and controls .  Nodule  number ,  nodule  f resh  weight ,  
and acetylene  reduct ion,  on the  o ther  hand,  showed a  great  deal  of  
var iabi l i ty  for  bacter ia l  s t ra in  and cul t ivar .  
Table  9  l i s t s  the  corre la t ions  between nodule  number ,  ra te  of  
acetylene  reduct ion,  speci f ic  ac t iv i ty  of  acetylene  reduct ion,  nodule  f resh  
weight ,  and p lant  f resh  weight  for  279 p lants .  Nodule  number  was  
s igni f icant ly  corre la ted  wi th  nodule  weight  and acetylene  reduct ion.  The 
h ighes t  corre la t ion was between nodule  weight  and acetylene  reduct ion.  
These  corre la t ions  are  expected in  a  normal  symbiosis .  Because  p lant  
weight  only  showed var ia t ion between cul t ivars  wi th  the  combined da ta ,  one 
would  expect  l i t t le  or  no corre la t ion between p lant  weight  and o ther  
var iables .  Acetylene  reduct ion and nodule  weight  showed low corre la t ions  
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Table  4 .  Analys is  of  var iance  of  the  ef fec ts  of  bacter ia l  s t ra in  
(Bac. )  and soybean cul t ivar  (Cv.)  on nodule  number  
Source  d . f .  Mean square  F .  
Bac.  4  285955.65 14.09 *** 
Cv.  8  71914.22 3 .54 *** 
Cv.  *  Bac.  31  52350.30 2 .58 *** 
Error  235 20290.47 
278 
*** £  is  less  than or  equal  to  0 .001.  
Table  5 .  Analys is  of  var iance  of  the  ef fec ts  of  bacter ia l  s t ra in  
(Bac. )  and soybean cul t ivar  (Cv.)  on ra te  of  acetylene  
reduct ion 
Source  d . f .  Mean square  F .  
Bac.  4  173.90 7 .90 *** 
Cv.  8  141.97 5 .45 *** 
Cv.  *  Bac.  31  59.13 2 .59 *** 
Error  235 22.01 
278 
*** £  is  less  than or  equal  to  0 .001.  
Table  5 .  Analys is  of  var iance  of  the  ef fec ts  of  bacter ia l  s t ra in  
(Bac. )  and soybean cul t ivar  (Cv.)  on speci f ic  ac t iv i ty  of  
acetylene  reduct ion 
Source  d . f .  Mean square  F .  
Bac.  4  199.50 1 .16 
Cv.  8  235.22 1 .36 
Cv.  *  Bac.  31  163.91 0 .95 
Error  235 172.35 
278 
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Table  7 .  Analys is  of  var iance  of  the  ef fec ts  of  bacter ia l  s t ra in  
(Bac. )  and soybean cul t ivar  (Cv.)  on nodule  f resh  weight  
Source  d . f .  Mean square  F .  
Bac.  4  8 ,  .73  13,  .51  *** 
Cv.  8  5 .  .53  8  .55 *** 
Cv.  *  Bac.  31 1 ,  .70  2 ,  .54  *** 
Error  235 0 .  .65  
278 
*** £  is  less  than or  equal  to  0 .001.  
Table  8 .  Analys is  of  var iance  of  the  ef fec ts  of  bacter ia l  s t ra in  
(Bac. )  and soybean cul t ivar  (Cv.)  on p lant  f resh  weight  
Source  d . f .  Mean square  F .  
Bac.  4  210.94 0 .55 
Cv.  8  4877.37 12.84 
Cv.  *  Bac.  31 335.37 0 .88 
Error  235 379.98 
278 
*** 2  is  less  than or  equal  to  0 .001.  
Table  9 .  Corre la t ions  between nodule  number ,  ra te  of  acetylene  
reduct ion,  speci f ic  ac t iv i ty  of  acetylene  reduct ion,  
nodule  f resh  weight ,  and p lant  f resh  weight  for  soybean 
cul t ivars  Peking,  Virginia ,  Evans ,  Harosoy,  Rampage,  
Wil l iams,  Hardee ,  and Hi l l  inocula ted  wi th  R.  f redi i  
s t ra ins  USDA191,  USDA193,  o r  LISDA201 or  B.  japonicum 
s t ra in  61A76 (N = 207)  
Nodule  no.  Acet .  red .  Sp.  Ac.  Nodule  wt .  
Acet .  red .  0 .43 *** 
Sp.  Ac.  -0 .05 0 .05 
Nodule  wt .  0 .59 *** 0.73 *** -0 .06 
Plant  wt .  0 .15 * 0.32 *** 0 .05 0 .25 ** 
*  2  is  less  than or  equal  to  0 .05 
** £  is  less  than or  equal  to  0 .01.  
*** 2  is  less  than or  equal  to  0 .001.  
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with  p lant  weight ,  whi le  nodule  number  showed no corre la t ion a t  a l l .  
Because  speci f ic  ac t iv i ty  was  homogeneous  wi th  respect  to  bacter ia l  
s t ra ins  and cul t ivars ,  i t  had no corre la t ion wi th  o ther  var iables .  
Al l  of  the  wi ld- type s t ra ins  that  formed nodules  in  hydroponics  f ixed 
ni t rogen in  those  symbioses .  A ser ies  of  mutants  defect ive  in  n i t rogen 
f ixat ion were  used to  inocula te  severa l  soybean genotypes  to  tes t  whether  
a  bacter ia l  fac tor  involved in  ni t rogen f ixat ion was necessary  for  
modula t ion in  hydroponics .  SMI,  SM2,  and SM4 were  B.  japonicum s t ra ins  
der ived f rom the  control  s t ra in  51A76 by n i t roso-guanidine  mutagenesis  
(Maier  and Br i l l ,  1975) .  SMI and SM2 were  non-nodula t ing mutants ,  and SM4 
formed smal l  green nodules  tha t  were  unable  to  f ix  ni t rogen.  61A24 was  a  
f ie ld  isola te  tha t  d id  not  f ix  ni t rogen and appeared to  be re la ted  to  
61A76 (Br isson e t  a l . ,  1982) .  80  was  a  f ie ld  i sola te ,  re la ted  to  B.  
japonicum s t ra in  110,  tha t  ef f ic ient ly  f ixed ni t rogen for  the  host  p lant .  
In  addi t ion,  IA14 and IA13,  two mutants  of  R.  f redi i  s t ra in  USDA193 
defect ive  in  ni t rogen f ixat ion,  were  obta ined by t ransposon mutagenesis  
and ser ia l  passaging,  respect ively .  
Table  10 l i s t s  the  mean nodule  number ,  mean nodule  f resh  weight ,  and 
range of  nodule  numbers  for  these  bacter ia l  mutants .  Table  11 l i s t s  the  
mean acetylene  reduct ion,  mean speci f ic  ac t iv i t ies ,  and mean p lant  f resh  
weights .  R.  f redi i  s t ra in  IA13,  a  spontaneous  mutant  of  fas t -growing 
s t ra in  USDA193,  formed nodules  on Peking,  Virginia ,  and Wil l iams,  but  not  
on Hardee .  The parent  s t ra in ,  USDA193,  formed nodules  on Peking,  
Virginia ,  Hardee ,  and a  few on Wil l iams.  S t ra in  IA13 d id  not  f ix  ni t rogen 
in  these  symbioses .  ^  fredi i  s t ra in  IA14,  a  t ransposon- induced mutant  of  
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TABLE 10 .  Mean nodule  number ,  nodule  f resh  weight ,  and nodule  
number  range for  soybean genotype-rhizobia l  mutant  
combinat ions  (s tandard  er ror  in  parentheses)  
STRAIN CULTIVAR N NODULE NO.  NODULE WT RANGE 
/p lant  g /plant  nodul  es  
IA13 Peking 4  19.3  0 .352 4-29 
(5 .4)  (0 .238)  
Virginia  5  198.5  0 .417 0-606 
(123.3)  (0 .250)  
Hardee  2  0 .0  0 .000 0  
Wil l iams 2  552.5  2 .230 532-573 
(20.5)  (0 .520)  
IA14 Peking 2  0 .0  0 .000 0  
Hardee  4  0 .0  0 .000 0  
Harosoy 2  0 .0  0 .000 0  
Wil l iams 4  0 .8  0 .000 0-3  
(0 .8)  
80 Peking 2  8 .0  0 .215 6-10 
(1 .2)  (0 .084)  
Hardee  1  604.0  2 .730 604 
Wil l iams 1  696.0  3 .910 696 
51A24 Peki  ng 2  35.0  0 .151 0-70 
(35.0)  (0 .151)  
Hardee  2  2 .0  0 .003 0-4  
(2 .0)  (0 .003)  
Harosoy 2  900.0  3 .453 800-1000 
(100.0)  (0 .213)  
SMI Wil l iams 3  459.3  3 .650 328-716 
(128.3)  (1 .110)  
SM2 Wil l iams 3  405.3  2 .970 64-672 
(179.4)  (1 .160)  
SM4 Wi11i  ams 3  764.0  2 .910 248-1198 
(277.3)  (0 .950)  
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Table  11.  Acetylene  reduct ion,  speci f ic  ac t iv i ty ,  and p lant  f resh  
weight  for  soybean genotype-rhizobia l  mutant  combinat ions  
(s tandard  er ror  in  parentheses)  
STRAIN CULTIVAR N ACET.^  SPAC.b PLANT FRESH WT.c  
IA13 
IA14 
80 
61A24 
SMI 
SM2 
SM4 
Peking 4  0 .01 0 .10 68.7  
(0 .003)  (0 .06)  (7 .7)  
Virginia  6  0 .00 0 .00 70.87 
(5 .1)  
Hardee  2  0 .00 0 .00 55.75 
(16.6)  
Wil l iams 2 0 .00 0 .00 109.45 
(7 .7)  
Peking 2  0 .00 0 .00 77.0  
(0 .4)  
Hardee  4  0 .01 0 .00 71.9  
(0 .01)  (1 .5)  
Harosoy 2  0 .00 0 .00 82.9  
(7 .2)  
Will iams 4  0 .01 0 .00 81.8  
(0 .01)  (5 .2)  
Peking 2  0 .45 1 .84 78.6  
(0 .31)  (0 .70)  (2 .5)  
Hardee  1  12.65 4 .63 92.3  
Wil l iams 1  13.07 3 .34 103.0  
Peking 2  0 .00 0 .00 47.5  
(20.3)  
Hardee  2  0 .00 0 .00 72.6  
(10.6)  
Harosoy 2  0 .00 0 .00 75.5  
Wil l iams 
(2 .8)  
3 14.27 3 .86 64.87 
(5 .22)  (0 .84)  (4 .3)  
Will iams 3  17.15 6 .81 57.33 
(5 .5)  (1 .7)  (16.1)  
Wil l iams 3  0 .00 0 .00 50.47 
(9 .0)  
a  
nmol /plant /s .  
_  nmol /g .  nodule  f resh  weight /s .  
g /p lant .  
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USDA193,  d id  not  form nodules  on Peking,  Hardee ,  and Harosoy,  and formed 
few nodules  on Wil l iams.  These  s t ra ins  formsd nodules  and d id  not  f ix  
ni t rogen wi th  Peking and Virginia .  B.  japonicum s t ra ins  80,  SMI,  and SM2 
formed nodules  on the  cul t ivars  tes ted  and f ixed ni t rogen in  those  
nodules .  B.  japonicum s t ra ins  61A24 and SM4 formed nodules  on the  
cul t ivars  tes ted ,  but  d id  not  f ix  ni t rogen wi thin  those  nodules .  Clear ly ,  
n i t rogen f ixat ion i t se l f  was  not  required  for  nodula t ion to  occur .  
In  order  to  e l iminate  the  poss ib i l i ty  tha t  we were  se lec t ing a  
specia l  sub-popula t ion of  rh izobia l  ce l l s  in  hydroponics ,  
vermicul i te-grown plants  were  inocula ted  wi th  cul tures  of  the  mutants  
before  and af ter  passage through hydroponic  p lant  nodules .  The resul ts  of  
these  greenhouse  t r ia ls  are  presented in  Table  12 .  The fas t -growing 
mutants  IA13 and IA14,  der ived from R.  f redi i  s t ra in  USDA193,  formed 
ef fec t ive  nodules  on Peking tha t  d id  not  f ix  ni t rogen.  The puta t ive  
non-nodula t ing mutants  SMI and SM2,  der ived f rom s low-growing B.  japonicum 
s t ra in  61A75,  formed nodules  before ,  dur ing,  and af ter  passage through 
hydroponic  p lant  nodules .  Ni t rogen f ixat ion was de tec ted  in  a l l  three  
cases .  Fie ld  i so la te  80 a lso  formed nodules  wi th  detec table  n i t rogen 
f ixat ion.  St ra ins  SM4 and 61A24 formed green nodules  on p lants  grown in  
vermicul i te  tha t  d id  not  g ive  detec table  n i t rogen f ixat ion.  Nodules  
formed by s t ra in  SM4 in  vermicul i te  were  smal l  and abnormal ly  shaped.  
Nodule  phenotype in  vermicul i te  was  not  d i f ferent  af ter  passage 
through hydroponic  p lants .  The only  d i f ference  was  the  normal  appearance  
of  B^ japonicum s t ra in  SM4 nodules  dur ing hydroponics  (see  Appendix  I I I ) .  
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Table  12.  Compar ison of  nodule  number  and acetylene  reduct ion ra te  
of  vermicul i te-grown greenhouse  soybean p lants  inocula ted  wi th  
ineffec t ive  and ineff ic ient  s t ra ins  of  bacter ia  before  
and af ter  passage through a  hydroponic  growth sys tem 
(s tandard  er ror  in  parentheses)  
S t ra in  N Nodules /p lant  nmol /min/plant  
Control  12  10.6  0 .4  
(5 .3)  (0 .4)  
& fredi i  USDA193 18  23.2  10.7  
( 6 . 1 )  ( 2 . 6 )  
B. japonicum 61A76 5  59.0  12.6  
(9 .0)  (2 .0)  
Before  
& fredi i  IA13 35 9 .7  0 .0  
(1 .7)  (0 .0)  
IA14 9  61.0  1 .1  
(16.1)  (0 .9)  
B^ japonicum SO 13 13.6  13.5  
(2 .9)  (5 .5)  
61A24 14 107.1  0 .0  
(25.0)  (0 .0)  
SMI 5  29.2  14.6  
(1 .5)  (1 .5)  
SM2 5  36.7  6 .2  
(8 .7)  (2 .1)  
SM4 5  33.7  0 .0  
(6 .7)  (0 .0)  
After  
B.  japonicum 80 6  18.7  46.2  
(2 .3)  (25.8)  
61A24 4  29.0  0 .0  
(2 .0 )  (0 .0 )  
SMI 5  31.4  15.0  
(1 .9)  (0 .5)  
SM2 4  30.0  3 .7  
(5 .0)  (3 .7)  
SM4 5  5 .5  0 .0  
(0 .5)  (0 .0)  
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Tables  13 and 14 present  an  analys is  of  var iance  of  the  ef fec ts  of  passage 
of  bacter ia l  s t ra ins  through the  hydroponic  growth sys tem and bacter ia l  
s t ra in  on nodule  number  and acetylene  reduct ion ra te ,  respect ively .  
Clear ly ,  the  highly  s igni f icant  d i f ferences  are  among s t ra ins  of  bacter ia  
and not  between popula t ions  of  the  same bacter ia  a t  d i f ferent  t imes .  A 
specia l  subpopula t ion of  ce l l s  i s  not  being se lec ted  by hydroponics .  
Table  13.  Analys is  of  var iance  of  the  ef fec ts  of  bacter ia l  passage 
through the  hydroponic  growth sys tem (Date)  and bacter ia l  
s t ra in  (Bac. )  on nodule  number  on greenhouse  soybean p lants  
grown in  vermicul i te  
Source  d . f .  Mean square  F .  
Date  1  3202.79 5 .07 *  
Bac.  9  3963.41 5 .28 *** 
Error  39 631.21 
49 
*  £  is  less  than or  equal  to  0 .05.  
*** 2  is  less  than or  equal  to  0 .001.  
Table  14.  Analys is  of  var iance  of  the  ef fec ts  of  bacter ia l  passage 
through the  hydroponic  growth sys tem (Date)  and bacter ia l  
s t ra in  (Bac. )  on the  ra te  of  acetylene  reduct ion of  
nodules  on greenhouse  soybean p lants  grown in  vermicul i te  
Source  d . f .  Mean square  F .  
Date  1  342.00 3 .81 
Bac.  9  361.59 4 .02 *** 
Error  39 89.85 
49 
*** £  is  less  than or  equal  to  0 .001.  
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Discuss ion 
Host  control  of  modula t ion in  hydroponics  was  d i f ferent  f rom host  
control  of  Modulation in  a  so l id  suppor t .  A greater number  and mass  of  
nodules  were  observed on hydroponical ly  grown p lants  than on 
vermicul i te-grown plants  f ive  weeks  a f ter  inocula t ion.  The same 
observat ion was  made by Rals ton and Imsande (1983) .  There  a re  many 
poss ib le  reasons  why more  nodules  a re  formed on hydroponical ly  grown 
p lants .  One reason may be  tha t  the  plants  a re  four-weeks-old  a t  
inocula t ion and more  root  i s  in  a  s ta te  ready for  nodula t ion.  The s ize  of  
the  p lant  may a lso  increase  the  threshold  for  feedback inhibi t ion  of  
nodule  format ion.  F inal ly ,  the  condi t ions  of  hydroponic  growth may lead 
to  the  development  of  more  s i tes  for  nodule  format ion.  To tes t  th is  
hypothes is ,  p lants  were  grown hydroponical ly  to  the  t ime of  inocula t ion.  
After  inocula t ion,  one th i rd  of  the  p lants  were  t ransferred  to  vermicul i te  
and grown in  the  greenhouse .  Another  th i rd  of  the  p lants  were  t ransferred  
to  the  greenhouse  a f ter  three  addi t ional  days  in  hydroponics .  The p lants  
in  hydroponics  had the  most  nodules .  The p lants  t ransferred  af ter  three  
days  had the  next  greater number ,  and the  plants  t ransferred  immediate ly  
a f ter  inocula t ion had the  fewest  nodules  (Data  not  shown) .  These  
observat ions  would  indicate  tha t  a l ter ing the  growth condi t ions  f rom 
l iquid  to  sol id  suppor t  lessened the  number  of  nodules  formed on a  g iven 
p lant .  The approximate  s ize  or  age  of  the  p lant  may inf luence  the  numbers  
of  nodules  formed.  Plants  of  a  cer ta in  s ize  form a  maximum number  of  
nodules .  P lants  on the  lower  s ide  of  th is  opt imum s ize  form fewer  
79 
nodules .  ( J .  Imsande,  Dept .  of  Genet ics ,  Iowa Sta te  Univ . ,  unpubl ished 
resul ts ) .  
Ineffect ive  symbioses  formed by the  fas t -growing R.  f redi i  s t ra ins  in  
vermicul i te  d id  not  resul t  in  nodules  in  hydroponics .  There  a re  severa l  
poss ib le  reasons  why the  fas t -growing s t ra ins  did  not  produce ineffec t ive  
nodules .  The f i r s t  reason i s  that  cul ture  condi t ions  themselves  prevented 
the  format ion of  ineffec t ive  nodules .  The second reason i s  that  there  was  
an  ef fec t iveness  gene in  ^  japonnicum s t ra ins  and the  fas t -growing s t ra in  
USDA191 tha t  a l lows modula t ion in  hydroponics .  The th i rd  reason  i s  that  
fas t -growing inoculum for  hydroponics  needed to  be  prepared another  way.  
Another  reason i s  that  some soybean genotypes  a l lowed nodula t ion in  
hydroponics ,  whi le  o thers  do not .  The var ious  reasons  can be  s impl i f ied  
to  whether  there  are  cul ture  condi t ions  tha t  af fec t  nodula t ion or  whether  
there  i s  a  genet ic  fac tor  miss ing or  present  in  the  host  or  symbiont .  Al l  
of  the  fas t -growing s t ra ins  formed fewer  nodules  on Peking than the  B.  
japonicum s t ra in ,  which would  imply  tha t  there  was  a  d i f ferent  method of  
nodula t ion or  a  problem wi th  inoculum prepara t ion.  But  there  was  no 
d i f ference  between nodula t ion of  Hardee  and Harosoy r j l  r j l  by the  fas t -
and s low-growing species ,  nor  between fas t -growing s t ra in  LISDA191 and 
s low-growing s t ra in  51A76 for  nodula t ion of  Virginia ,  Harosoy,  Wil l iams,  
and Hi l l .  This  impl ies  tha t  there  i s  an in teract ion between host  and 
microsymbiont  control led  by more  than one gene.  Heron and Pueppke (1983)  
character ized the  nodula t ion process  wi th  R.  f redi i  s t ra ins .  They repor t  
tha t  the  infect ion threads  and,  therefore ,  the  nodules  were  dela ted  on 
soybeans  inocula ted  wi th  ^  fredi i  s t ra ins  compared wi th  ^  japonicum 
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s t ra in  61A76.  This  delay  p lus  the  ineffec t iveness  of  most  s t ra ins  may be  
involved in  the  inabi l i ty  to  nodula te  in  hydroponics .  
To d is t inguish  among the  var ious  poss ib i l i t ies  and character ize  the  
genotype in teract ions ,  a  ser ies  of  symbiot ica l ly  defect ive  mutants  were  
tes ted .  B.  japonicum s t ra ins  SMI and SM2 were  repor ted  to  be  
non-nodula t ing (Maier  and Br i l l ,  1976) .  The s t ra ins  des ignated SMI and 
SM2 tha t  were  tes ted  formed nodules  and f ixed ni t rogen when inocula ted  
onto  p lants  in  vermicul i te  and hydroponics .  B.  japonicum s t ra ins  80,  
61A24,  and SM4 were  repor ted  to  be  ineffec t ive  s t ra ins .  Hydroponic  t r ia ls  
wi th  these  s t ra ins  resul ted  in  ef fec t ive  nodules  tha t  var ied  in  
n i t rogen-f ix ing ef f ic iencies .  Greenhouse  t r ia ls  wi th  these  s t ra ins  
produced ef fec t ive  nodules  on cul t ivars  inocula ted  wi th  80 and 51A24.  B.  
japonicum s t ra in  SM4 formed ineffec t ive  nodules  on Wil l iams and Harosoy.  
B.  japonicum s t ra in  61A24 appears  to  be  ineff ic ient  and s t ra in  80 appears  
to  be  ef f ic ient ,  not  ineffec t ive ,  us ing the  accepted c lass i f ica t ion of  
Vest  e t  a l .  (1973) .  Two mutant  s t ra ins  of  R.  f redi i ,  defect ive  in  
n i t rogen f ixat ion,  were  obta ined by d i f ferent  methods .  Al l  of  the  mutants  
formed nodules  on the  appropr ia te  host  p lants  wi thout  n i t rogen f ixat ion.  
So n i t ro^n f ixat ion i t se l f  was  not  necessary  for  nodula t ion in  
hydroponics .  The except ion i s  IA14,  which d id  not  form nodules  on Peking 
or  Hardee .  The les ion in  th is  s t ra in  that  led  to  no n i t rogen f ixat ion may 
be  in  a  gene tha t  was  involved in  regula t ion of  nodule  format ion in  
hydroponics .  True  non-nodula t ing and ineffec t ive  mutants  of  both  species  
of  bacter ia  need to  be  tes ted  in  the  hydroponic  growth sys tem.  Delayed 
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inocula t ion s tudies  in  a  sp l i t  root  sys tem wi th  the  fas t -growing and 
s low-growing species  a lso  need to  be  done.  
Because  fas t -growing R.  f redi i  s t ra ins  d i f fered in  the i r  abi l i t ies  to  
form nodules  in  hydroponics ,  th is  sys tem potent ia l ly  i s  useful  as  a  means  
for  se lec t ing ef fec t ive  s t ra ins  of  R.  f redi i .  The d i f ference  between 
nodula t ing and non-nodula t ing s t ra ins  for  a  par t icular  soybean genotype 
was  the  abi l i ty  to  form ef fec t ive  nodules  in  vermicul i te .  I f  th is  t ra i t  
i s  control led  by a  few genes  in  the  Rhizobium,  i t  can be  t ransferred  to  
o ther  s t ra ins  and se lec ted  wi th  the  appropr ia te  p lant  in  hydroponics .  
The s tudy of  regula t ion of  nodula t ion in  hydroponics  can lead to  a  
greater  unders tanding of  symbiot ic  n i t rogen f ixat ion.  This  informat ion 
may not  be  d i rec t ly  appl icable  to  the  process  of  nodule  format ion in  f ie ld  
condi t ions .  There  i s  some controversy  as  to  the  method of  infect ion in  
hydroponics  because  of  the  repor ted  lack of  root  hai rs  on hydroponical ly  
grown soybeans .  This  controversy  i s  discussed by Rals ton and Imsande 
(1983) .  Nodula t ion by root  ha i rs  has  not  been demonstra ted  as  opposed to  
nodula t ion via  a  gap f rom la tera l  root  emergence.  Unt i l  th is  i s  resolved 
one cannot  d i rec t ly  corre la te  the  control  of  nodula t ion in  hydroponics  
wi th  nodula t ion in  natura l  popula t ions .  
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PART I I I .  TRANSFER AND EXPRESSION OF SYMBIOTIC GENES FROM RHIZOBIUM FREDII  
Abst rac t  
The 192 Mdal .  p lasmid conta in ing symbiot ic  genes  f rom Rhizobium f redi i  
s t ra in  USDA193 (pSyml93)  was  t ransferred  to  other  species  of  Rhizobium.  
Bradyrhizobiurn  japonicum,  Escher ichia  col i ,  and Agrobacter ium tumefaciens .  
The hos t  speci f ic i ty  genes  for  nodula t ion of  soybean (Glycine  max L.  
Merr i l l )  cul t ivar  'Peking '  were  not  expressed in  E.  col i .  Host -speci f ic i ty  
genes  for  Peking and nodula t ion genes  were  expressed in  Rhizobium 
backgrounds  conta in ing indigenous  symbiot ic  genes ,  in  s t ra ins  of  Rhizobium 
cured of  the i r  symbiot ic  p lasmids  and in  A.  tumefaciens  s t ra ins  cured of  
the  Ti-plasmid.  Simi lar  resul ts  were  obta ined by t ransferr ing c loned DNA 
f ragments  conta in ing host -speci f ic i ty  genes  for  Peking and ear ly  nodula t ion 
genes .  The symbiot ic  p lasmid,  pSyml93,  was  not  s tably  mainta ined in  
severa l  rec ipients .  In  recA E.  col i  s t ra in  HBlOl  and A.  tumefaciens  s t ra in  
LBA2888 pSyml93 had la rge  segments  of  DNA de le ted .  In  order  to  e l iminate  
the  poss ib i l i ty  that  the  Tn5 e lement  used to  mark the  plasmid was  
responsible  for  the  dele t ions ,  another  t ransposon,  Tnl ,  was  used in  
t ransfer  s tudies  wi th  A.  tumefaciens  s t ra in  LBA288.  Dele t ions  a lso  were  
observed when us ing th is  t ransposon as  a  marker .  
S i te-speci f ic  Tn5 mutagenesis  was  used to  locate  genes  on DNA 
f ragments  conta in ing symbiot ic  genes .  A recombinat ion mutant  of  R.  f redi i  
s t ra in  LISDA193 was  genera ted  to  a l low the  development  of  a  maxi-cel l  sys tem 
to  s tudy the  products  of  these  genes .  
85 
In t roduct ion 
The key to  improving symbiot ic  n i t rogen f ixat ion by legumes and 
rh izobia  i s  an unders tanding of  the  funct ions  of  the  symbiot ic  genes  and 
the i r  regula t ion.  Analyses  of  genes  in  severa l  species  have fo l lowed a  
common pa t tern .  Plasmid t ransfer ,  DNA hybr id iza t ions ,  and plasmid cur ing 
have been used to  local ize  symbiot ic  genes  to  p lasmids  or  the  chromosome 
(Banfalvi  e t  a l . ,  1981;  Prakash e t  a l . ,  1981;  Verma and Long,  1983;  Toro e t  
a l . ,  1984;  Hooykaas  e t  a l . ,  1982a;  Hooykaas  e t  a l . ,  1982b;  Johnston e t  a l . ,  
1978;  Lamb e t  a l . ,  1982) .  Dele t ion analys is  has  been used to  ident i fy  
regions  or  f ragments  conta in ing symbiot ic  genes  (Hodgson and Stacey,  in  
press ;  Noel  e t  a l . ,  1984;  Forra i  e t  a l . ,  1983;  Cen e t  a l . ,  1982;  
Buchanan-Wollas ton e t  a l . ,  1980;  Chua e t  a l . ,  1985;  Meade e t  a l . ,  1982;  
Vincze  e t  a l . ,  1981;  Ju l l io t  e t  a l . ,  1984;  Mil le  and Schi lperoor t ,  1981;  
Simon,  1984;  Rostas  e t  a l . ,  1984;  Nom e t  a l . ,  1984;  Skogen-Hagenson and 
Ather ly ,  1983;  Hombrecher  e t  a l . ,  1984) .  DNA f ragments  conta in ing 
symbiot ic  genes  have been c loned and ident i f ied  by complementa t ion of  
mutants  or  by hybr id iza t ion wi th  f ragments  f rom other  species  (Downie  e t  
a l . ,  1983;  Shine  e t  a l . ,  1983;  Banfalvi  e t  a l . ,  1983;  Hombrecher  e t  a l . ,  
1981;  Long e t  a l . ,  1982;  Scot t  e t  a l ,  1982;  Schof ie ld  e t  a l . ,  1983;  Scot t  
e t  a l ,  1984;  Rossen e t  a l . ,  1984;  Downie  e t  a l ,  1985) .  S i te-speci f ic  
mutagenesis  has  been used to  ident i fy  speci f ic  coding regions  on f ragments  
and the i r  funct ions  (Mart in  and Long,  1984) .  RNA prepara t ions  f rom nodules  
have been used to  moni tor  the  express ion of  symbiot ic  genes .  Gene fus ions ,  
express ion vectors ,  mini -ce l ls ,  and maxi-cel ls  have been used to  
inves t igate  prote in  products  of  these  genes  (Schetgens  e t  a l . ,  1984;  Hahn 
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and Hennecke,  1983;  Jagadish  and Szalay,  1984;  Ruvkun e t  a l . ,  1982) .  
Transfer  of  Rhizobium Sym plasmids  and DNA f ragments  conta in ing symbiot ic  
genes  has  been used to  s tudy express ion of  symbiot ic  genes  (Kondorosi  e t  
a l . ,  1982;  DeJong e t  a l . ,  1982;  Lamb e t  a l . ,  1982;  Brewin e t  a l . ,  1980;  
Ruiz-Sainz  e t  a l . ,  1984;  Pankhurs t  e t  a l . ,  1983;  DeJong e t  a l . ,  1981;  Behki  
e t  a l . ,  1985) .  Armed wi th  knowledge of  the  locat ion and regula t ion of  
genes  for  symbiot ic  n i t rogen f ixat ion,  one can const ruct  improved s t ra ins  
for  inoculants  (St robel  e t  a l . ,  1985;  Brewin e t  a l . ,  1982;  Hodgson and 
Stacey,  in  press) .  
Genet ic  analys is  of  soybean (Glycine  max L.  Merr . )  inoculum has  been 
h indered by the  s low growth ra tes  and lack of  sys tems for  genet ic  
manipula t ion of  Bradyrhizobium japonicum.  Sym genes  have been local ized to  
the  chromosome of  th is  species  (Masterson e t  a l . ,  1982) .  The s t ructura l  
genes  for  n i t rogenase  have been c loned and sequenced (Hennecke and Mielenz ,  
1981;  Adams e t  a l . ,  1984;  and Fuhrmann and Hennecke,  1984) .  Puta t ive  nod 
genes  have been c loned.  These  resul ts  were  accompl ished by hybr id iza t ion 
of  c loned genes  f rom other  species  to  DNA l ibrar ies  or  res t r ic t ion cuts  of  
B.  japonicum DNA. 
A new species  tha t  nodula tes  soybeans ,  Rhizobium f redi i ,  was  i so la ted  
from nodules  col lec ted  in  The People ' s  Republ ic  of  China  (Keyser  e t  a l . ,  
1982) .  Because  of  i t s  fas ter  growth ra te  and greater  potent ia l  for  genet ic  
manipula t ion,  th is  species  i s  a  valuable  organism for  laborator ies  
in teres ted  in  improving soybean inoculum.  A great  deal  of  b iochemical  
informat ion has  become avai lable  in  the  shor t  t ime that  th is  species  has  
been s tudied (Sadowsky e t  a l . ,  1983;  Yel ton e t  a l . ,  1983;  Stowers  and 
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Eaglesham,  1984) .  The s t ructura l  genes  for  n i t rogenase  enzyme and the  
puta t ive  common nod genes  are  on large  indigenous  plasmids  (Masterson e t  
a l . ,  1982;  Prakash and Ather ly ,  1984;  Sadowsky and Bohlool ,  1983;  Mathis  
e t  a l . ,  1985) .  Auxotrophs  have been genera ted  for  chromosome mapping 
(Rostas  e t  a l . ,  1984) .  Modula t ion s tudies  wi th  a  var ie ty  of  commercia l  
soybean cul t ivars ,  wi ld  soybean (G.  so ja  Sieb.  and Zucc. )  p lant  
in t roduct ions ,  and o ther  legumes indicate  tha t  a l l  of  the  s t ra ins  form 
ef fec t ive  symbioses  wi th  genet ica l ly  unimproved soybean genotypes  l ike  the  
cul t ivar  'Peking ' ,  and wi ld  soybean p lant  in t roduct ions  (Hator i  and 
Johnson,  1984;  Stowers  and Eaglesham,  1984;  Yel ton e t  a l . ,  1983;  Heron and 
Pueppke,  1984;  Devine ,  1984,  1985;  Keyser  and Cregan,  1984) .  One s t ra in  
of  ^  fredi i .  USDA191,  forms an  ef fec t ive  symbiosis  wi th  a l l  soybean 
cul t ivars  tes ted .  In  addi t ion,  the  fas t -growing ^  fredi i  form symbioses  
wi th  s i ra t ro  (Macropt i l ium at ropurpureum).  mung bean,  p igeon pea ,  and 
cowpea.  Symbioses  wi th  these  legumes a lso  are  formed by the  s low-growing 
^  japonicum.  
Puta t ive  s t ructura l  genes  for  the  n i t rogenase  complex and common 
nodula t ion genes  have been ident i f ied  by hybr id iza t ion of  
radioact ively- label led  probes  of  the  corresponding genes  f rom R.  mel i lo t i  
to  DNA prepara t ions  f rom the  R.  f redi i  s t ra ins  (Prakash and Ather ly ,  
1984) .  Prakash and Ather ly  (1984)  showed tha t  ni fK and H a re  re i tera ted  
in  s t ra ins  USDA193 and USDA205.  Hybr idiza t ion wi th  the  common nod genes  
f rom R.  mel i lo t i  produced three  EcoRI bands  tha t  conta in  nod genes :  2 .8  
kb. ,  5 .2  kb. ,  and 11.3  kb.  Dele t ions  genera ted  in  USDA201 indicated  tha t  
the  11.3  kb.  f ragment  was  necessary  for  nodula t ion (Olson e t  a l . ,  1985) .  
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Studies  of  p lasmid t ransfer  wi th  USDA191 imply  tha t  th is  s t ra in  i s  re la ted  
to  o ther  fas t -growing t ropical  i so la tes  (Appelbaum e t  a l . ,  1985;  
Ruiz-Sainz  e t  a l . ,  1984) .  The f ragments  tha t  hybr id ize  to  the  common nod 
genes  of  R.  mel i lo t i  have been c loned and Tn5 randomly inser ted  in  these  
f ragments  (R.  K.  Prakash,  unpubl ished resul ts .  Nat ive  Plants ,  Inc . ,  Sal t  
Lake Ci ty ,  UT.  and N.  Ramakrishnan,  Dept .  of  Genet ics ,  Iowa Sta te  Univ . )  
In  th is  repor t ,  we descr ibe  exper iments  to  d iscover  which,  i f  any of  
the  puta t ive  nod f ragments  conta in  informat ion suff ic ient  to  g ive  nodules .  
In  addi t ion,  the  f ragments  wi th  Tn5 inser t ions  were  recombined 
individual ly  wi th  wi ld- type USDA193 to  create  s ingle  mutat ions  tha t  
a l lowed us  to  map coding regions  of  symbiot ic  genes .  F inal ly ,  a  recA gene 
f rom R.  mel i lo t i ,  inact ivated  by a  Tn^ inser t ion,  was  recombined wi th  a  
p lasmid-cured R.  f redi i  genome to  create  a  recA mutant .  A protocol  for  
35 S  prote in  label ing was  des igned to  a l low development  of  a  Rhizobium 
maxi-cel l  to  s tudy the  products  of  the  c loned f ragments .  
Mater ia ls  and Methods  
Bacter ia l  s t ra ins  and p lasmids  
See  Table  1  for  a  l i s t  of  bacter ia l  s t ra ins  and plasmids  used in  th is  
s tudy.  Sensi t iv i ty  to  the  bacter iocin  of  Psuedomonas  aeruginosa  s t ra in  
PAO.3 (P-c in)  was  tes ted  by p la t ing 0 .1  ml .  of  an  ear ly  log cul ture  of  the  
s t ra in  of  in teres t  in  TY l iquid  (Ber inger ,  1974)  on a  TY p la te ,  incubat ing 
for  s ix  hours ,  and p lac ing 0 .01 ml .  of  a  mid- log phase  cul ture  of  PAO.3 in  
TY l iquid  medium in  the  center  of  the  p la te .  Pla tes  were  incubated for  48 
hours  a t  28 °C.  and examined for  a  zone of  inhibi t ion .  
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Table  1 .  Bacter ia l  s t ra ins  and plasmids  used in  th is  s tudy 
STRAIN GENOTYPE REFERENCE 
R.  f redi i  
USDA193 
IA225 
lAlOO 
IA226 
IA90 
IA92 
IA728 
wi ld- type ,  P-cin  sens .  H.  Keyser ,  USDA 
,  Bel tsvi l le ,  MD. 
pSyml93: :Tn5,  pRLlSO,  Km ,  Sm,  Tc ,  Cb th is  work 
USDA193 recA by Tn5,  Km, Sm 
pSyml93: :Tnl ,  Cb 
th is  work 
th is  work 
pSyml93 cured,  Rm R.K.  Prakash,  Nat ive  Plants ,  
Inc . ,  Sal t  Lake Ci ty ,  UT.  
IA90 recA by Tn5,  Km, Sm,  Rm th is  work 
pSyml93 cured,  Tn5,  Km, Sm th is  work 
USDA191 
A716R 
IA47 
wi ld- type ,  P-cin  sens .  D.  Phi l l ips ,  Univ .  
of  Cal i f . ,  Davis  
pSyml91: :Tn5,  pRLlSO,  Km, Sm,  Tc ,  Cb K.  Engwal l  
Iowa Sta te  Univ.  
nod- ,  pSyml91 de le t ion,  Rm K.  Engwal l  
Iowa Sta te  Univ.  
R.  mel i lo t i  
102F28 wi ld- type,  Rm Dave Berryhi l l ,  Nor th  
Dakota  S t .  Univ .  
102F28(pSyml93: :Tn5)  Km, Sm,  Rm th is  work 
® nod+ n i f+ on Peking soybean,  ineffec t ive  nodules  on Phaseolus  
vulgar is .  
^  kanamycin .  Km; s t reptomycin ,  Sm;  te t racycl in ,  Tc;  carbenic i l l in ,  
Cb;  r i fampicin ,  Rm; ampici l l in ,  Ap;  chloramphenicol .  Cm; t r imethopr im,  Tp.  
For  se lec t ion of  Rhizobium or  Agrobacter ium:  Km 100,  Sm 50,  Tc 15,  Cb 100,  
Rm 200,  Cm 50 ,  Tp 200.  For  se lec t ion of  E.  col i :  Km 50 ,  Sm 50,  Tc 15,  Ap 
50 ,  Cm 50,  Tp 50.  For  ^  japonicum:  Km 400,  Sm 800.  
nod+ n i f+ on Peking,  Wil l iams,  and Harosoy soybean.  
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Table 1. (Continued) 
STRAIN GENOTYPE REFERENCE 
R.  lequminosarum 
28653 wi ld- type,  Rm 
28653(pSyml93: :Tn5)  Km, Sm,  Rm 
248c nod- ,  pSym cured,  Rm 
248c(pSyml93: :Tn5)  Km, Sm,  Rm 
R.  t r i  fo l i i  
162P17 wi ld- type^,  Rm 
LPR5045 nod- ,  pSym cured,  Rm 
LPR5045(pSyml93: :Tn5)  Km, Sm,  Rm 
R.  phased i  
DB175 cys-505,  Rm 
8401 nod- ,  pSym cured,  Rm 
8401(pSyml93: :Tn5)  Km, Sm,  Rm 
B.  japonicum 
110 wi ld- type 
110(pSyml93: :Tn5)  Km, Sm 
lANDlOO 110 recA by Tn5,  Km, Sm 
Ni t ragin ,  Co.  
th is  work 
R.  Schi lperoor t ,  Leiden 
Univ . ,  Nether lands  
th is  work 
Ni t ragin ,  Co.  
R.  Schi lperoor t ,  Leiden 
Univ . ,  Nether lands  
th is  work 
Dave Berryhi l l  
S .  Shantharam,  Iowa 
Sta te  Univ.  
th is  work 
USDA, Bel tsvi l le ,  MD. 
th is  work 
th is  work 
nod+ n i f+ on red  c lover  and whi te  c lover .  
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Table 1. (Continued) 
STRAIN GENOTYPE REFERENCE 
A.  tumefaciens  
LBA288 pTi  cured,  Rm 
LBA288(pSyi i i l93: :Tn5)a  Km, Sm,  Rm 
LBA288(pSyml93: :Tn5)b Km, Sm,  Rm 
LBA288(pSyml93: :Tn5)c  Km, Sm,  Rm 
LBA2336 (chr)  v i r -  by Tn5,  Km, Rm 
LBA2335(pSyml93: :Tnl)  Km, Rm,  Cb 
LBA2338 (chr)  v i r -  by Tn5,  Km, Rm 
LBA2338(pSyml93: :Tnl)  Km, Rm,  Cb 
LBA2339 (chr)  v i r -  by Tn5,  Km, Rm 
LBA2339(pSyml93: :Tnl)  Km, Rm,  Cb 
LBA2340 (chr)  v i r -  by Tn5,  Km, Rm 
LBA2340(pSyml93: :Tnl)  Km, Rm,  Cb 
R.K.  Prakash,  Nat ive  Plants  
Ins t . ,  Sal t  Lake Ci ty ,  UT.  
th is  work 
th is  work 
th is  work 
Douglas  e t  a l . ,  1982 
th is  work 
Douglas  e t  a l . ,  1982 
th is  work 
Douglas  e t  a l . ,  1982 
th is  work 
Douglas  e t  a l . ,  1982 
th is  work 
A135 pTi  cured,  Rm M.-D.  Chi l ton,  Ceiba-Geigy,  
Tr iangle  Park ,  NC.  
A136(pSyml93: :Tn5)  Km, Rm 
R.  sp .  (Aeschynomene)  
AF2 wi ld- type s tem nodules ,  Cb 
AF2(pSyml93: :Tn5)  Km, Cb 
th is  work 
Mark Stowers ,  N.P. I .  
Sal t  Lake Ci ty ,  UT.  
th is  work 
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Table 1, (Continued) 
STRAIN GENOTYPE REFERENCE 
E.  col i  
HBlOl  
HB101(pSyml93: :Tn5)  
auxotroph,  recA,  R- ,  M-,  Sm Beyer  and 
Roul lard-Dussoix ,  1969 
Km, Sm 
SF8 
CSR5Q3 
AB1157 
AB2463 
PLASMIDS 
pRLlSO 
pBR322 
pRK2013 
pRK2073 
pSUPlOll  
pMBA1002 
auxotroph,  recA+,  R- ,  M-
auxotroph,  recA,  raaxicel l  ,na lA 
th is  work 
J .  Mayfie ld ,  Iowa 
S ta te  Univ.  
Sancar  and 
Ruper t ,  1978 
auxotroph,  recA+ 
AB1157 recA-
IncP-1,  Cb,  Tc ,  Sm 
Tc,  Ap 
Km 
Yale  Cul ture  Col lec t ion 
Yale  Cul ture  Col lec t ion 
Hooykaas  e t  a l . ,1982a 
D.  Berg ,  Wash.  Univ .  
S t .  Louis ,  MO. 
Di t ta  e t  a l . ,  1980 
pRK2013: :Tn7,  Tp Di t ta  e t  a l . ,  1980 
pACYC184: :Mob: :Tn5,  Cm,  Km Simon e t  a l . ,  1983 
pRK290: : recA gene: :Tn5,  Km, Tc  Bet ter  and 
Hel inski ,  1983 
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Isola t ion of  R.  f redi i  s t ra in  IA225 
R.  f redi i  s t ra in  IA225 i s  a  der ivat ive  of  s t ra in  USDA193 tha t  conta ins  
the  t ransposon Tn5 in  the  186 MDal .  p lasmid (pSyml93) .  S t ra in  IA225 i s  
indis t inguishable  f rom the wild- type parent ,  USDA193,  in  a  symbiosis  wi th  
soybean (Glycine  max L.  Merr . )  cv .  'Peking ' .  The method of  Simon e t  a l .  
(1983)  was  used to  genera te  random inser t ions  of  Tn^ in  the  genome of  
US0A193.  One ml .  of  an overnight  cul ture  of  US0A193 in  TY l iquid  medium 
and one ml .  of  an  overnight  cul ture  of  Escher ichia  col i  s t ra in  SMlO-1011 in  
LB l iquid  medium (10 g .  Bacto- t ryptone (Difco) ,  5  g .  yeas t  ext rac t ,  and 10 
g .  NaCl  in  1  l i te r  water)  conta in ing 50 ug. /ml .  kanamycin  su l fa te  (Km, 
Sigma)  and 20 ug. /ml .  chloramphenicol  (Cm,  Sigma)  were  mixed in  a  s ter i le  
tes t  tube .  The ra t io  of  donor  to  rec ipient  was  10:1 .  Cel ls  were  pe l le ted  
by centr i fugat ion a t  3000 r .p .m.  for  10 minutes .  The pe l le t  was  
resuspended in  1  ml .  of  s ter i le ,  d is t i l led  water .  Cel ls  were  p laced on a  
s ter i le  0 .45 um n i t rocel lu lose  f i l te r  (Type HA,  Mil l ipore  Corporat ion)  by 
pushing the  ce l l  suspension through a  f i l te r  appara tus  wi th  a  s ter i le  5  ml .  
syr inge.  The f i l te r  was p laced,  ce l l  s ide  up,  on a  TY p la te .  After  
incubat ion for  72 hours  a t  28 °C. ,  the  ce l l s  were  resuspended in  5  ml .  TY 
l iquid  wi th  50% g lycerol ,  d i lu ted ,  and p la ted  on appropr ia te  se lec t ive  
media .  R^ f redi i  t ransconjugants  wi th  the  t ransposon Tn^ inser ted  in  the i r  
genomes were  se lec ted  on a  minimal  medium,  conta in ing 100 ug. /ml .  Km and 50 
ug. /ml .  s t reptomycin  sul fa te  (Sm,  Sigma) .  The presence  of  Tn^ in  the  
t ransconjugants  was  ver i f ied  by colony hybr id iza t ion (Grunste in  and 
Hogness ,  1975) .  Transconjugants  wi th  Tn^ inser ted  in  pSyml93 were  
ident i f ied  by the i r  abi l i ty  to  t ransfer  Km res is tance  to  E.  col i  s t ra in  
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HBlOl  (Boyer  and Roul lard-Dussoix ,  1969)  in  the  presence  of  the  helper  
p lasmid pRLlSO (Hooykaas  e t  a l . ,  1982a)  and by hybr id iza t ion of  
32 P- label led  plasmid pBR322: :Tn5 to  dr ied  agarose  gels  of  Eckhardt  p lasmid 
prepara t ions  (Eckhardt ,  1978;  Rosenberg  e t  a l . ,  1982;  Figure  1  and Figure  
2) .  Transconjugants  wi th  Tn5 in  pSyml93 were  screened for  a l tered  
symbiot ic  proper t ies  in  greenhouse  modula t ion tes ts .  One i so la te ,  
des ignated IA225,  formed ef fec t ive  nodules  on Peking.  
I sola t ion of  R.  f redi i  s t ra in  IA226 
R.  f redi i  s t ra in  IA226 i s  a  der ivat ive  of  s t ra in  USDA193 tha t  conta ins  
the  t ransposon Tnl^  in  the  186 MDal .  p lasmid (pSyml93) .  S t ra in  IA226 i s  
indis t inguishable  f rom the  wi ld- type parent ,  USDA193,  in  a  symbiosis  wi th  
soybean (Glycine  max L.  Merr . )  cv .  'Peking ' .  The su ic ide  plasmid,  pGS18,  
of  Selvare j  and Iyer  (1983)  was  used to  genera te  random inser t ions  of  Tn% 
in  the  genome of  LISDA193.  One ml .  of  an  overnight  cul ture  of  USDA193 in  TY 
l iquid  medium and one ml .  of  an  overnight  cul ture  of  Escher ichia  col i  
s t ra in  HBlOl  in  LB l iquid  medium (10 g .  Bacto- t ryptone (Difco) ,  5  g .  yeas t  
ext rac t ,  and 10 g .  NaCl  in  1  l i te r  water)  conta in ing 50 ug. /ml .  ampici l l in  
(Ap,  Sigma)  and 20 ug. /ml .  chloramphenicol  (Cm,  Sigma)  were  mixed in  a  
s ter i le  tes t  tube .  The ra t io  of  donor  to  rec ipient  was  10:1 .  Cel ls  were  
pe l le ted  by cent r i fugat ion a t  3000 r .p .m.  for  10 minutes .  The pe l le t  was  
resuspended in  1  ml .  of  s ter i le ,  d is t i l led  water .  Cel ls  were  p laced on a  
s ter i le  0 .45 um n i t rocel lu lose  f i l te r  (Type HA,  Mil l ipore  Corporat ion)  by 
pushing the  ce l l  suspension through a  f i l te r  appara tus  wi th  a  s ter i le  5  ml .  
syr inge.  The f i l te r  was p laced,  ce l l  s ide  up on a  TY p la te .  After  
Figure  1 .  In-wel l  lys is  gel  e lec t rophores is  was  used to  v isual ize  
plasmid content  of  Tn5-posi t ive  colonies  a f ter  colony 
hybr id iza t ions  wi th  ^^P- label led  pBR322: :Tn5.  Lanes  
1 . ,  2 . ,  3 . ,  4 . ,  5 . ,  6 . ,  7 . ,  and 8 .  conta in  
Tn5-posi t ive  colonies  of  R.  f redi l  s t ra in  USDA193 (0B3);  
Lane 9 .  R.  f redi i  s t ra in  USDA193 (0B3);  and Lane 10.  E.  
col i  s t ra in  SMlO-1011 conta in ing the  suic ide  plasmid 
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Figure  2 .  Hybr idiza t ion of  ^^P- label led  pBR322: :Tn5 to  DMA in  
an agarose  gel  of  Tn5-posi t ive  colonies  showing the  
locat ion of  Tn^ inser t ions .  Lanes  1 . ,  2 . ,  3 . ,  4 . ,  5 . ,  
6 . ,  7 . ,  and 8 .  conta in  Tn5-posi t1ve  colonies  of  R.  
f redi i  s t ra in  USDA193 (0B3);  Lane 9 .  ^  fredi i  s t ra in  
USDA193 (0B3);  Lane 10.  L .  coJ l  s t ra in  SMlO-1011 
conta in ing the  suic ide  plas in id  pSUPlOll  
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incubat ion for  72 hours  a t  28 °C. ,  the  ce l ls  were  resuspended in  5  ml .  TY 
l iquid  wi th  50% g lycerol ,  d i lu ted ,  and p la ted  on appropr ia te  se lec t ive  
media .  ^  fredi i  t ransconjugants  wi th  the  t ransposon Tnl .  inser ted  in  the i r  
genomes were  se lec ted  on a  minimal  medium,  conta in ing 100 ug. /ml .  
carbenic i l l in .  Transconjugants  wi th  Tn^ inser ted  in  pSyml93 were  
ident i f ied  by the i r  abi l i ty  to  t ransfer  Ap.  res is tance  to  E.  col i  s t ra in  
HBlOl  in  the  presence  of  the  helper  plasmid pRLlBO.  Transconjugants  wi th  
Tn% in  pSyml93 were  screened for  a l tered  symbiot ic  proper t ies  in  greenhouse  
nodula t ion tes ts .  One i so la te ,  des ignated IA225,  formed ef fec t ive  nodules  
on Peking.  
I sola t ion of  R.  f redi i  s t ra in  IA728 
R.  f redi i  s t ra in  IA728 i s  a  der ivat ive  of  s t ra in  IA225 tha t  has  been 
cured of  the  symbiot ic  p lasmid (pSyml93) ,  and has  Tn^ in  the  chromosome.  
Ethidium bromide (Sigma)  a t  a  concentra t ion of  25 ug. /ml .  in  s ter i le  water ,  
was  added to  an ear ly  log-phase  cul ture  of  IA225 in  TY l iquid  medium.  This  
cul ture  was  t ransferred  to  a  37 °C.  shaker  for  one week.  Al iquots  of  0 .1  
ml .  were  p la ted  on TY p la tes  conta in ing 50 ug. /ml .  Sm.  Colonies  were  
screened for  plasmids  on agarose  gels  by us ing the  modif ied  Eckhardt  
procedure  of  Rosenberg  e t  a l .  (1982) .  S t ra ins  showing loss  of  the  plasmid 
a f ter  three  d i f ferent  gels  were  s t reaked on YM p la tes  wi th  congo red  
(Sigma)  and YM p la tes  wi th  bromothymol  b lue  (Sigma)  and TY p la tes  wi th  100 
ug. /ml .  Km. Tota l  DMA was  i so la ted  from these  s t ra ins ,  cut  wi th  EcoRI,  
separa ted  on an agarose  gel ,  t ransferred  to  a  nylon membrane,  and 
hybr id ized wi th  ^^P- label led  pSyml93 to  ver i fy  loss  of  a l l  the  p lasmid.  
Figure  3 .  In-wel l  lys is  agarose  gel  e lec t rophores is  of  a  p lasmid 
cured mutant  of  ^  fredi i  s t ra in  USDA193.  Lane 1 .  
R.  f redi i  s t ra in  IA728;  Lane 2 .  R.  f redi i  
s t ra in  USDAI93 
101 
Mdal 
>500 
186 
102 
Putat ive  cured s t ra ins  were  screened for  loss  of  nodula t ion abi l i ty  in  the  
greenhouse  wi th  Peking soybean.  One s t ra in ,  des ignated IA728,  was  cured of  
pSyml93 and d id  not  form nodules  on Peking soybean.  
Plasmid t ransfer  
Overnight  cul tures  were  grown to  1  x 10^ ce l l s /ml .  in  TY l iquid  or  LB 
l iquid  wi th  the  appropr ia te  ant ib io t ics .  One ml .  of  donor  and rec ipient  
cul tures  were  cent r i fuged for  ten  minutes  a t  3000 r .p .m.  The pe l le t  was  
resuspended in  1  ml .  of  s ter i le  water  and the  ce l l s  were  crowded onto  a  
0 .45 u .  n i t rocel lu lose  f i l te r  (Type HA,  Mil l ipore  Corporat ion) .  The f i l te r  
was  incubated,  ce l l  s ide  up,  for  72 hours  on a  TY p la te  a t  28 °C.  Cel ls  
were  resuspended in  5  ml .  of  TY l iquid  plus  50% g lycerol ,  d i lu ted  in  
s ter i le  water ,  and p la ted  on appropr ia te  se lec t ive  media . .  Rhizobium and 
Agrobacter ium s t ra ins  were  grown in  TY l iquid  and t ransconjugants  were  
se lec ted  on TY p la tes  wi th  the  appropr ia te  ant ib io t ics .  R.  mel i lo t i  and 
Agrobacter ium t ransconjugants  a lso  were  tes ted  on LB p la tes  wi th  the  
appropr ia te  ant ib io t ics .  ^  col i  s t ra ins  were  grown in  LB l iquid  and 
se lec ted  on LB p la tes  wi th  the  appropr ia te  ant ib io t ics .  The p lasmid,  
pSyml93: :Tn5,  was  t ransferred  wi th  the  helper  p lasmid,  pRLlSO.  The 
p lasmids  pVKlOl  and pVK102 conta in ing DMA c lones  and pSyml93: :Tnl  were  
t ransferred  wi th  the  helper  p lasmid,  pRK2013.  
Marker  exchange by conjugat ion of  a  suic ide  plasmiu 
Recombinat ion of  wi ld- type DNA wi th  homologous  or  heterologous  DNA 
f ragments  conta in ing Tn^ was  accompl ished by conjugat ion of  the  suic ide  
Figure  4 .  Graphie  representa t ion of  the  marker  exchange procedure  
for  the  mutagenesis  of  speci f ic  genes  in  f reUi i  
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plasmid,  pBR322,  conta in ing these  DNA f ragments ,  in to  wi ld- type s t ra in  R.  
f redi i  s t ra in  USDA193.  P lasmid pRK2073 was  used as  a  helper  p lasmid.  
Transconjugants  were  se lec ted  on minimal  p la tes  wi th  100 ug. /ml .  Km. and 50 
ug. /ml .  Sm.  Sensi t iv i ty  to  Cb.  and te t racycl ine  (Tc. ,  Sigma)  indicated  the  
double  cross-over  events .  
Const ruct ion,  i so la t ion,  and character iza t ion of  R.  f redi i  s t ra in  IA92 
A su ic ide  plasmid for  marker  exchange was  crea ted  by l iga t ion of  a  15 
kb.  EcoRI f ragment  conta in ing the  recA gene of  R.  mel i lo t i  102F34 wi th  a  
Tn5 inser t ion that  inact ivates  the  gene (Bet ter  and Hel inski ,  1983) .  The 
p lasmid pRMB1002 was  cut  wi th  the  res t r ic t ion enzyme EcoRI and mixed wi th  
p lasmid pBR322 DNA previously  cut  wi th  EcoRI.  DNA was  l iga ted  according to  
the  manufacturers  d i rec t ions  (New England Biolabs)  and t ransformed in to  E.  
col i  s t ra in  HBlOl  by the  method of  i - iania t i s  e t  a l .  (1982) .  Transformants  
were  se lec ted  on LB p la tes  conta in ing 50 ug. /ml .  of  Km. and 50 ug. /ml .  of  
Ap.  The p lasmid,  pNDlOO, was  i so la ted  and cut  wi th  EcoRI to  ver i fy  the  
f ragments .  Marker  exchange was  performed as  descr ibed above.  
Transconjugants  were  screened for  methyl-methane-sul fonate  (HHS) 
sens i t iv i ty  by repl ica  p la t ing to  HMS-treated  TY p la tes  (100 u l .  of  a  2% 
solut ion spread on the  surface  of  a  TY p la te) .  Colonies  tha t  fa i led  to  
grow on MMS p la tes  were  screened in  the  greenhouse  for  a l tered  symbiot ic  
proper t ies .  The two colonies  tes ted  showed normal  symbiot ic  proper t ies  
(Table  2) .  
One s t ra in ,  des ignated lAlOO,  was  tes ted  for  UV sens i t iv i ty .  Hid- log 
phase  cul tures  of  USDA193 and lAlOO were  ser ia l ly  d i lu ted  and p la ted  on TY 
p la tes .  Pla tes  were  exposed to  UV l ight  (GE 30 wat t  germicidal ,  30 cm.)  in  
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a  darkened room for  0  to  240 seconds .  Exposed p la tes  were  incubated for  
two days  in  the  dark  a t  28 °C.  Control  cul tures  of  E.  col i  s t ra ins  AB2463 
and AB1157 were  used.  
Table  2 .  Nodule  number  and n i t rogen f ixat ion phenotype of  a  recA mutant  
of  R.  f redi i  s t ra in  USDA193 inocula ted  on Peking soybean in  
growth pouches  
S t ra in  N Nodule  Number  Ni t rogen Fixat ion 
USDAI93 4  13 + 
lAlOO 3  5  + 
The plasrnid  pNDlOO was  t ransferred  in to  R.  f redi i  s t ra in  IA90 to  
create  a  recA cured s t ra in  by marker  exchange.  Transconjugants  were  
s t reaked on YM congo red  p la tes  and YM bromothymol  b lue  p la tes  and TY 
p la tes  conta in ing 200 ug. /ml .  r i fampicin  (Rm. ,  Sigma)  and 100 ug. /ml .  Km. 
A s ingle  colony i so la te ,  des ignated IA92,  was  tes ted  for  MMS sens i t iv i ty  by 
p la t ing on MMS p la tes .  In  addi t ion,  pNDlOO was  t ransferred  to  B.  japonicum 
s t ra in  110.  Transconjugants  were  se lec ted  on Z p la tes  conta in ing 400 
ug. /ml .  Km. and 300 ug. /ml .  Sm.  A s ingle  colony i so la te ,  des ignated B.  
japonicum lAUDlOO was  checked on YM indicator  p la tes .  
^^S- label l inq  of  to ta l  prote ins  in  R.  f redi i  
A mid- log cul ture  of  Z l iquid  medium was  used to  inocula te  10 ml .  of  Z 
l iquid  in  a  125 ml .  s ide-arm f lask  (0 .54 g .  KgHPO^,  15  mg.  urac i l ,  1  g .  
D-gluconate ,  1  g .  L-mala te ,  1  g .  L-glutamate ,  0 .1  g .  L-glutamine,  1  l i te r  
water ,  pH.= 5 .95;  pos t -autoclave  4  ml  of  25% B-glycerolphosphate ,  0 .5  ml 
trace elements, 1.0 ml vitamins, 10 ml of 0.1 M CaCl2(2 H^Oj, 5 ml of 0.1 M 
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MgSO^}.  At  approximate ly  2  x  10® ce l ls /ml .  (Kle t t  30},  the  cul ture  was  
t ransferred  to  a  s ter i le  glass  pet r i  d ish  under  a  UV l ight .  After  a  dose  
of  50 seconds  ( to  give  about  0 .01% survival )  the  cul ture  was  t ransferred  
in to  a  fo i l -covered s ter i le  f lask  and incubated wi thout  shaking for  three  
hours .  A 0 .1  ml .  a l iquot  of  a  f resh  cycloser ine  solut ion (200 ug. /ml . ,  
Sigma)  was  added to  k i l l  any d ividing ce l l s .  The cul ture  was  incubated 
overnight  a t  28 °C.  wi th  shaking.  An a l iquot  of  1 .5  ml .  of  cul ture  was  
removed.  Cel ls  were  pel le ted  by cent r i fugat ion for  f ive  minutes  in  a  
s ter i le  Eppendorf  tube .  The pe l le t  was  washed wi th  1 .5  ml .  of  Z medium 
wi thout  su l fa te  (subst i tu te  MgClg and use  t race  e lements  wi th  phosphate  or  
chlor ide) ,  and resuspended in  0 .75 ml .  Z l iquid  wi thout  su l fa te  and 
t ransferred  to  a  20 ml .  sc in t i l la t ion  v ia l .  The cul ture  was  incubated for  
two hours  a t  28 °C.  Approximate ly  25 uCi .  of  ^^S-methionine  (Amersham) was  
added,  fo l lowed by an  incubat ion per iod of  one hour .  Cel ls  were  pe l le ted  
in  an Eppendorf  and washed in  0 .75 ml .  of  Z l iquid  wi thout  su l fa te .  Cel ls  
were  resuspended in  0 .1  ml .  of  lys is  buffer  (Laemmli ,  1970) ,  p laced in  
boi l ing water  for  3  minutes ,  and loaded on a  polyacrylamide gel  (R.  
Hal l  berg .  Depar tment  of  Zoology,  Iowa S ta te  Univers i ty) .  
A t ime course  s tudy of  label l ing  was  done by removing 50 u l .  samples  
of  ce l l s  a t  0 ,  15,  30 ,  45,  and 60 minutes  a f ter  adding 25 uCi .  of  
^^S-methionine  to  1 .8  ml .  of  ce l l s  prepared as  descr ibed above.  Samples  
were  added to  200 u l .  of  1% sodium dodecyl  su l fa te  (SOS).  An a l iquot  of  2  
ml .  of  cold  10% t r i -carboxyl ic  ac id  (TCA) was  added.  The prote in  was  
immobi l ized on g lass- f iber  f i l te rs  and r insed wi th  cold ,  10% TCA. F i l ters  
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were dr ied  under  a  heat  lamp and then placed in  sc in t i l la t ion  via ls .  
Counts  were  determined wi th  a  Packard  Minaxi  Tr icarb  4000.  
DNA i so la t ion 
Rhizobium plasmid DNA was  i so la ted  by us ing the  procedure  of  Casse  e t  
a l .  (1979)  as  modif ied  by W.-Y.  Chow (Depar tment  of  Genet ics ,  Iowa Sta te  
Univers i ty) .  One l i te r  of  TY l iquid  medium was  inocula ted  wi th  a  s t ra in  of  
Rhizobium.  At  mid- log phase ,  ce l l s  were  harves ted  by cent r i fugat ion in  
p las t ic  centr i fuge  tubes .  Cel ls  were  washed f i r s t  wi th  50 ml . / tube  3% 
NaCl ,  and then wi th  50 ml . / tube  sarkosyl  so lut ion (0 .1% sarkosyl ,  Sigma) .  
The f ina l  pe l le t  was  resuspended in  the  res idual  f lu id  and t ransferred  to  a  
400 ml .  p las t ic  beaker .  A 150-ml .  a l iquot  of  f resh  lys is  buffer  (50 ml .  of  
1  M. Tr is -HCl  pH 8 .0 ,  40 ml .  of  0 .5  M. EDTA, 50  ml .  of  20% SDS,  9 .1  ml .  of  
10 N.  NaOH, 850.9  ml .  d is t i l led  water)  was  added to  the  beaker  and mixed 
wi th  the  ce l l  suspension by us ing a  p las t ic  wide-mouth  d isposable  p ipet  
(Denvi l le  Scient i f ic) .  The lysa te  was  incubated for  20 minutes  a t  37 °C.  
Approximate ly  a  0 .05 volume of  2 .0  M. Tr is -HCl  pH 7 .0  was  s t i r red  in to  the  
iysa te ,  fo l lowed by approximate ly  a  0 .12 volume of  5 .0  M. NaCl .  This  
so lut ion was  incubated overnight  a t  5  °C.  Chromosomal  DNA and prote in  were  
pel le ted  by centr i fugat ion for  30 minutes  a t  10,000 r .p .m,  in  p las t ic  
tubes .  DNA was  precipi ta ted  from the  supernatant  by adding 0 .25 volume of  
50% polyethylene  glycol  (8 ,000 molecular  weight ,  S igma) ,  s t i r r ing  gent ly ,  
and incubat ing overnight  a t  5  °C.  A DNA pe l le t  was  obta ined by a  30 minute  
cent r i fugat ion a t  5500 r .p .m.  in  a  g lass  tube .  This  pe l le t  was  d issolved 
in  2 .0  ml .  of  TE buffer .  The DNA was  fur ther  pur i f ied  by us ing a  
CsCl-e th idium bromide densi ty  gradient .  The DNA suspension was  added to  a  
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s ter i le  p las t ic  tes t - tube  conta ining 5 .0  ml .  TE buffer  and 3 .5  g .  of  CsCl .  
Exact ly  0 .8  ml of  e th idium bromide (5  mg. /ml .  in  TE buffer)  was  added.  The 
opt ica l  densi ty  of  the  solut ion was  adjus ted  to  1 .390 wi th  TE buffer  or  
CsCl .  Samples  were  spun in  a  Ti50 u t racentr i fuge ro tor  (Beckman)  in  a  
Beckman L-2 u l t racentr i fuge a t  35,000 r .p .m.  for  48 hours  a t  15 °C.  The 
lower  band of  c losed,  c i rcular  DNA was  recovered,  ext rac ted  wi th  
i sopropanol ,  and d ia lyzed agains t  Low TE buffer  in  a  microdia lys is  chamber  
(Bethesda Research Laborator ies) .  DNA samples  were  concentra ted  by 
d ia lys is  agains t  50% polyethylene  glycol  molecular  weight  20,000 (Sigma) .  
E .  col i  p lasmid DNA was  i so la ted  by us ing the  boi l ing method of  
Holmes and Quigley (1981)  as  modif ied  by R.  K.  Prakash (Nat ive  Plants ,  
Inc . ,  Sal t  Lake Ci ty ,  UT).  Cel ls  in  5  ml .  of  a  mid- log phase  LB cul ture  
were  pel le ted  by cent r i fugat ion a t  3000 r .p .m.  for  10 minutes .  The pe l le t  
was  resuspended in  500 u l  STET buffer  (8% sucrose ,  0 .5% Tr i ton-X-100,  10 mM 
Tr is -HCl  pH 8 .0 ,  50 mM EOTA).  The ce l l  suspension was  t ransferred  to  a  1 .5  
ml .  Eppendorf  cent r i fuge  tube  and 37 u l .  of  a  lysozyme solut ion was  added 
(20 mg. /ml .  lysozyme in  10 mM Tr is -HCl  pH 8 .0) .  The ce l l  suspension was  
mixed and t ransferred  immediate ly  to  a  beaker  of  boi l ing  water  for  40 
seconds .  The tubes  conta in ing the  lysed ce l l  suspension were  immediate ly  
p laced in  a  centr i fuge  (Eppendorf) .  Af ter  7  minutes  of  cent r i fugat ion ,  
the  bulk  of  the  chromosomal  DNA and ce l lu lar  debr is  was  removed f rom the  
tube  us ing a  s ter i le  toothpick.  Next ,  300 u l .  of  7 .5  M ammonium aceta te  
was  added to  the  c leared lysa te .  After  20 minutes  incubat ion on ice ,  tubes  
were  cent r i fuged for  10 minutes .  The supernatant  was  t ransferred  to  a  
s ter i le  1 .5  ml .  Eppendorf  tube .  A 600 u l .  a l iquot  of  i sopropanol  was  added 
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to  the  sample .  Af ter  15 minutes  of  incubat ion a t  room temperature ,  the  DNA 
in  the  sample  was  pel le ted  by cent r i fugat ion for  10 minutes .  The 
supernatant  was  d iscarded.  The DNA pe l le t  was  washed wi th  200 u l .  of  70% 
e thanol  and dr ied  in  a  vacuum.  The pe l le t  was  resuspended in  20 u l .  of  Low 
TE buffer  (10 mM Tr is -HCl  pH 8 .0 ,  1  mH. EDTA).  
Rhizobium to ta l  DNA was  i so la ted  according to  the  method of  W.-Y.  
Chow (Depar tment  of  Genet ics ,  Iowa Sta te  Univers i ty)  f rom 5  ml .  cul tures  
grown to  la te  log phase  in  TY l iquid  medium.  Bacter ia l  ce l l s  were  pe l le ted  
by cent r i fugat ion and resuspended in  420 u l .  TE buffer  (50 mM. Tr is -HCl  pH 
8 .0 ,  10 mM. EDTA).  The ce l l  suspension was  t ransferred  to  a  1 .5  ml .  
s ter i le  Eppendorf  tube .  The ce l l  suspension was  incubated for  1  hour  a t  37 
°C.  a f ter  the  addi t ion of  120 u l .  of  lysozyme solut ion (10 ug. /ml ,  lysozyme 
in  TE buffer) .  An addi t ional  incubat ion for  1 .5  hours  a t  the  same 
temperature  was  required  af ter  adding 30 u l .  of  pronase  solut ion (20 
mg. /ml . ,  S igma) .  Cel ls  were  lysed by adding 30 u l .  of  a  25% sodium dodecyl  
su l fa te  (SOS) so lut ion,  incubat ing a t  50 °C.  for  5  minutes ,  and then 
shaking a t  37 °C.  for  30 minutes .  The lysa te  was  ext rac ted  twice  wi th  an  
equal  volume of  phenol  sa tura ted  wi th  TE buffer  and once  wi th  chloroform.  
DNA was  precipi ta ted  by the  addi t ion of  0 .5  volume of  7 .5  M. ammonium 
aceta te  and 0 .5  volume i sopropanol ,  fo l lowed by 15 minutes  incubat ion a t  
room temperature .  The DNA pe l le t  present  a f ter  10 minutes  of  
cent r i fugat ion was washed wi th  70% e thanol ,  dr ied ,  and resuspended in  20 
u l .  of  Low TE buffer .  
I l l  
Agarose  gel  e lec t rophores is .  Southern  b lo t t ing ,  and hybr id iza t ion 
DNA samples  were  d iges ted  wi th  10 uni ts  of  EcoRI or  Hindi11 (New 
England Biolabs)  per  ug.  of  DNA for  2  hours  a t  37 °C.  fo l lowing the  
manufacturers  d i rec t ions .  Lambda DNA (Bethesda Research Laborator ies)  
d iges ted  wi th  Hindl l l  was  used to  provide  molecular  weight  markers .  High 
sa l t  buffer  (100 mM. NaCl ,  50  mM. Tr is -HCl  pH 8 .0 ,  10 mM. MgClg,  1  mM. 
d i th io thre i to l )  for  EcoRI and medium sa l t  buffer  (50 mM. NaCl ,  50  mM 
Tr is -HCl  pH 8 .0 ,  10 mM. MgClg,  1  mM. d i th io thre i to l )  for  Hindl l l  were  
prepared as  lOx s tock and s tored a t  -20 °C.  DNA res t r ic t ion fragments  were  
separa ted  on a  hor izonta l  agarose  gel  (250 ml .  of  0 .8% Seakem agarose)  a t  3  
vol ts /cm.  for  15 hours .  The gel  buffer  and running buffer  was  TAE buffer  
(40 ml- l .  Tr is -HCl  pH 8 .0 ,  2  mM. EDTA).  
DNA f ragments  were  t ransferred  to  GeneScreen f i l te rs  (New England 
Nuclear)  by us ing the  method of  Southern  (1975) .  Ver t ica l  agarose  gels  
f rom the  modif ied  Eckhardt  procedure  were  dr ied  and t rea ted  l ike  a  nylon 
f i l te r .  Fi l ters  were  incubated overnight  a t  42 °C.  in  a  prehybr idiza t ion 
solut ion (1  ml .  lOx Denhardts ,  1  ml .  water ,  3 .5  ml .  formamide,  1  ml .  of  1% 
SDS,  0 .5  ml .  of  1  mg. /ml .  denatured sa lmon sperm DNA).  
Radioact ively- label led  DNA was  prepared by n ick- t rans la t ion (Rigby e t  a l . ,  
1977) ,  denatured,  and added to  the  f i l te rs .  After  40 hours ,  f i l te rs  were  
washed twice  for  50 minutes  each t ime a t  55 °C.  in  the  Wash buffer  (0 .1% 
SDS,  0 .1% NaPPi ,  3xSSC).  F i l ters  were  incubated overnight  a t  -20 °C.  wi th  
Kodak X-Omat  AR f i lm and a  Cronex Lightning Plus  in tens i fy ing screen 
(Dupont) .  
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Modulat ion s tudies  
For  greenhouse  t r ia ls ,  seeds  of  soybean (Glycine  max L.  Merr . )  
cul t ivars  'Peking ' ,  'Virginia ' ,  'Wil l iams ' ,  and 'Harosoy '  were  
surface-s ter i l ized by soaking them for  10 minutes  in  70% e thanol  and 
r ins ing them three  t imes  in  s ter i le  water .  Seeds  were  soaked in  the  las t  
r inse  for  3  hours .  Seeds  were  t ransferred  to  wet ,  s ter i le  paper  towels  in  
a  fo i l -covered,  meta l  cake  pan and incubated for  3  days  a t  28 °C.  S t ra ins  
were  grown in  YM l iquid  medium (Vincent ,  1970)  to  la te- log phase  
(approximate ly  1  x 10^ ce l ls /ml . )  for  use  as  inoculum.  Three  seedl ings  
were  soaked in  10 ml .  of  bacter ia l  inoculum for  15 minutes  before  p lant ing 
in  four- inch pots  of  vermicul i te  (Terra l i te)  wet ted  wi th  100 ml .  of  
n i t rogen-free  nutr ient  solut ion (Weaver  and Freder ick ,  1972) .  To minimize  
contaminat ion,  s tyrofoam beads  (Minnesota  Divers i f ied ,  New Br ighton,  MN) 
were  p laced over  the  vermicul i te  a f ter  p lant ing and pots  were  watered a t  
the  bot tom,  da i ly ,  wi th  d is t i l led  water  tha t  was  f i l te red  to  remove 
bacter ia l  contaminants  (Pal l ,  Ul t ipor  0 .45 u .  d isposable  f i l te r ) .  
Sunl ight  was  supplemented wi th  15 hours  of  Sylvania  Cool  Whi te  f luorescent  
l ights .  After  5  weeks ,  the  p lants  were  harves ted .  Roots  were  p laced in to  
250-ml  Er lenmeyer  f lasks .  The f lasks  were  sea led  wi th  a  rubber  septum.  
Acetylene  gas  was  in jec ted  to  create  a  10% acetylene  mix in  the  f lask .  Ten 
u l .  of  gas  were  removed a t  20 and 40 minutes  and in jec ted  in  a  Car le  
Analyt ica l  Gas  Chromatograph wi th  a  Porapak T column and a  f lame ionizat ion 
detec tor .  Nodules  were  removed and counted.  Severa l  nodules  were  re ta ined 
for  bacter ia l  s t ra in  ident i f ica t ion.  Means  and s tandard  er rors  were  done 
by us ing SAS (1982) .  
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For  growth pouch t r ia ls  in  a  growth chamber ,  seeds  of  Peking were  
surface  s ter i l ized as  descr ibed above and then t ransferred  (saddle-down)  
to  growth pouches  (Northrup-King)  which had been s ter i l ized by autoclaving 
whi le  submerged in  a  large  beaker  of  n i t rogen-free  nutr ient  solut ion.  
Pouches  were  a t tached to  f i le  folders  and suspended in  a  box of  the  same 
width .  The box was  covered wi th  fo i l  and seeds  were  germinated for  three  
days  a t  28 °C.  (Mal ic  e t  a l . ,  1984) .  Seedl ings  were  inocula ted  by 
p ipet t ing  1  ml .  of  inoculum in to  each bag.  Pouches  were  watered as  needed 
wi th  f i l te red ,  d is t i l led  water .  P lants  were  grown in  a  16-hour  l ight  
regime wi th  a  temperature  range between 20 and 28 °C.  Plant  roots  were  
examined for  nodules  a t  one ,  two,  and three  weeks .  At  three  weeks ,  p lants  
were  harves ted  as  descr ibed above.  
Ident i f ica t ion of  bacter ia l  s t ra ins  
Nodules  were  surface-s ter i l ized by soaking 5  minutes  in  70% e thanol  
and r ins ing in  s ter i le  water .  They were  crushed in  1  ml .  of  s ter i le  water  
and spread on YM p la tes  wi th  Congo red  (Sigma) ,  YM p la tes  wi th  bromothymol  
b lue  (Sigma) ,  and TY p la tes  wi th  the  appropr ia te  ant ib io t ics .  Bacter ia l  
s t ra ins  recovered f rom nodules  were  ident i f ied  by agarose  gel  
e lec t rophores is  of  p lasmid DMA wi th  the  modif ied  Eckhardt  procedure  of  
Rosenberg  e t  a l .  (1982) .  
Resul ts  
Transfer  of  pSyml93: :Tn5 
Table  3  l i s t s  the  f requency of  t ransfer  of  pSyml93: :Tn5 in to  other  
species  of  bacter ia  us ing the  helper  p lasmid,  pRLlSO.  Transfer  
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f requencies  ranged f rom 2 .1  to  3 .7  x  10~® t ransconjugants  per  rec ip ient  
for  s t ra ins  of  3radyrhizobium japonicum.  Rhizobium mel i lo t i ,  R.  
lequminosarum,  R.  t r i fo l i i ,  R.  phaseol i ,  and Agrobacter ium tumefaciens .  
Al l  of  the  t ransconjugants  except  R.  phaseol i  and R.  t r i fo l i i  showed 
s table  acquis i t ion  of  plasmids  of  the  correct  mobi l i ty  on agarose  gels .  
Figures  5 ,  5 ,  7 ,  8 ,  and 9  show t l ie  p lasmid prof i les  of  s table  
t ransconjugants .  The plasmid could  be  t ransferred  back out  of  the  
rec ipient  to  another  s t ra in .  The p lasmid f rom R.  lequminosarum was 
t ransferred  to  ^  tumefaciens  LBA288 a t  a  f requency of  1 .7  x 10"^ .  
Kanamycin  res is tant  colonies  of  R.  t r i fo l i i  s t ra in  162P17 and R.  phaseol i  
DB175 were  i so la ted  af ter  conjugat ion wi th  IA225,  but  agarose  gels  d id  not  
show any s ign of  pSyml93: :Tn^.  
When Escher ichia  col i  s t ra in  HBlOl  was  used as  a  rec ipient  the  
f requency of  Km. res is tant  colonies  was  1 .6  x  10"® per  rec ipient .  This  
f requency was  two orders  of  magni tude lower  than the  f requency of  Km. 
res is tance  of  o ther  t ransfers .  HBlOl  i s  a  recA,  res t r ic t ion minus ,  and 
modif ica t ion minus  s t ra in .  The low f requency of  t ransfer  may have been 
due to  ins tabi l i ty  of  the  plasmid in  E.  col i  or  incompat ib i l i ty  of  the  
plasmid.  The helper  p lasmid may a id  in  t ransfer  of  the  Sym plasmid by 
forming a  cointegra te  and t ransferr ing the  plasmid a long wi th  i t se l f .  The 
low f requency of  recovery  of  t ransconjugants  may ref lec t  some d i f f icul ty  
wi th  the  cointegra te  in  the  new background.  In  order  to  unders tand the  
plasmids '  behavior  in  E.  col i  backgrounds ,  pSyml93: :Tn5 was  t ransferred  to  
E.  col i  s t ra ins  CSR503 ( recA) and SF8 ( recA+}.  S t ra in  CSR603 possesses  a  
res t r ic t ion/modif ica t ion sys tem.  Kanamycin  res is tant  t ransconjugants  
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Table  3 .  Frequency of  t ransfer  of  kanainycin  res is tance  us ing the  
helper  p lasmid pRLlSO ( t ranscon^ugants  per  rec ip ient )  
RECIPIENT FREQUENCY FREE PLASMID DELETIONS 
japonicuni  110 7 .0  X V
O 1 
O
 y es  no 
tumefaciens  LBA288 2 .1  X 10-6  yes  yes  
i l  tumefaciens  A136 2 .7  X 10-6  yes  no 
mel i lo t i  102F28 7 .0  X 10-6  yes  no 
leguminosaruin  128653 8 .7  X 10-6  yes  no 
i l  t r i  fo l i i  162P17 1 .1  X 10-6  no HA* 
L. phased i  03176 3 .3  X 10-6  no NA 
E^ col i  HBlOl  1 .6  X 10-8  yes  yes  
^  NA,  not  appl icable .  
Figure  5 .  In-wel l  lys is  agarose  gel  e lec t rophores is  of  p lasmid DNA; 
Lane 1 .  ^  fredi i  s t ra in  USDA193;  Lane 2 .  R.  
lequminosarum 128G53 (pSyml93: :Tn5) ;  Lane 3 .  R.  
lequminosarum 128G53 
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Figure  5 .  In-wel l  lys is  agarose  gel  e lec t rophores is  of  plas in id  DNA; 
Lane i .  R.  f redi i  s t ra in  USDA193;  Lane 2 .  ^  
meli lo t i  102F28 (pSyml93: :Tn5) ;  Lane 3 .  ^  
meli lo t i  102F28 
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Figure  7 .  In-wel l  lys is  agarose  gel  e lec t rophores is  of  plasmid DNA; 
Lane 1 .  ^  fredi i  s t ra in  USDA193;  Lane 2 .  R.  
japonicum 110 (pSyml93: :Tn^) ;  Lane 3 .  R.  
japonicum 110 
1 
pSym-
pRLlSO 
Figure  8 .  In-wel l  lys is  agarose  gel  e lec t rophores is  of  p lasmid DNA; 
Lane 1 .  R.  f redi i  s t ra in  USDA193;  Lane 2 .  A.  
tumefaciens  A136 (pSyml93: :Tn^) ;  Lane 3 .  ^  
tumefaciens  A135 
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-Mri 
Figure  9 .  In-wel l  lys is  agarose  gel  e lec t rophores is  of  plasmid DNA; 
Lane i .  R.  f redi i  s t ra in  USDA193;  Lane 2 .  A.  
tumefaciens  LBA288 ipSyml93: :Tn5) ;  Lane 3 .  ^  
tumefaciens  LBA288 
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of  s t ra in  CSR603 showed no p lasmids ,  whi le  those  of  s t ra in  SF8 showed only  
the  helper  p lasmid.  These  resul ts  suggest  tha t  the  Sytn  p lasmid and the  
helper  p lasmid cannot  survive  t ransfer  to  a  rec ipient  wi th  an ac t ive  
res t r ic t ion sys tem.  The appearance  of  the  helper  p lasmid in  SF8 may be  
the  resul t  of  the  resolut ion of  cointegra te  pSyml93: :Tn5 and pRLlSO in  the  
recA+ background.  
Transconjugants  of  A.  tumefaciens  s t ra in  LBA288 and £ .  col i  s t ra in  
HBlOl  showed acquis i t ion  of  p lasmids  of  mobi l i t ies  less  than or  equal  to  
tha t  of  wi ld- type pSyml93; :Tn^.  F igure  10 shows a  ser ies  of  these  
t ransconjugants  of  LBA288.  Transfer  of  pSyml93: :Tn5 in to  LBA283 and HBiQl  
resul ted  in  dele t ion of  par t  of  the  plasmid.  Random dele t ions  occurred in  
E.  col i  (data  not  shown) .  To determine whether  these  dele t ions  were  
speci f ic  for  pRLlSO and Tn^,  f redi i  s t ra in  IA226 was  used as  a  donor .  
The p lasmid,  pSyml93: :Tnl ,  was  t ransferred  to  A.  tumefaciens  s t ra in  LBA288 
wi th  the  helper  pRK2013.  Transconjugants  showed acquis i t ion  of  p lasmids  
of  greater  mobi l i ty  ( less  molecular  weight)  than the  control  p lasmid.  
These  t ransconjugants  were  non-nodula t ing wi th  Peking soybean (Table  5) .  
Express ion of  pSyml93 in  o ther  genet ic  backgrounds  
Table  4  l i s t s  the  nodule  numbers  obta ined by inocula t ing Peking 
soybean wi th  o ther  species  of  bacter ia  conta in ing pSyml93: :Tn5.  B.  
japonicum s t ra in  110 (pSyml93: :Tn^)  showed normal  nodula t ion and n i t rogen 
f ixat ion.  The genes  tha t  were  expressed to  give  th is  phenotype are  not  
known.  But  the  normal  phenotype does  imply  tha t  one se t  of  genes  i s  
dominant  or  tha t  there  i s  no funct ional  in ter ference  between the  se ts  of  
Figure  10.  In-wel l  lys is  agarose  gel  e lec t rophores is  of  p lasmid 
dele t ion s t ra ins .  Lane i .  f redi i  s t ra in  
USDA193;  Lanes  2 . ,  3 . ,  and 4 .  conta in  plasmid dele t ion 
s t ra ins  of  A.  tumefaciens  LBA288 (pSyml93: :Tn5) ;  
Lane 5 .  A.  tumefaciens  LBA288 
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symbiot ic  genes .  A.  tumefaciens  s t ra ins  wi th  three  separa te  s izes  of  
pSymi93: :Tn5 a lso  showed the  abi l i ty  to  in i t ia te  nodule  format ion (Noi) .  
Nodules  formed by these  A.  tumefaciens  t ransconjugants  were  smal l ,  whi te  
bumps.  Cytological  s tudies  have not  been done to  determine i f  infect ions  
threads  are  formed ( Inf+) .  or  i f  the  bumps a re  psuedonodules  (no vascular  
t i ssue  around the  nodule  t i ssue  and essent ia l ly  devoid  of  bacter ia) .  R.  
mel i lo t i  102F28 (pSyml93: :Tn^) ,  R.  leguminosarum 128653 (pSyml93: :Tn5) ,  R.  
lequminosarum 248C (pSyml93: :Ta5) ,  R.  t r i  fo l i i  LPR5045 (pSyml93: :Tn^) ,  and 
R.  aeschynomene AF2 (pSyml93: :Tn5)  show weak express ion of  the  host  
speci f ic i ty  genes  for  Peking soybean.  Smal l  nodules  a re  formed by these  
s t ra ins  on Peking soybean.  Cytological  s tudies  have not  been performed on 
these  bumps to  determine i f  they are  Inf+ or  i f  they are  psuedonodules .  
Control  s t ra ins  included in  Table  4  are  R.  f redi i  s t ra ins  IA225,  the  cured 
s t ra in  IA90 wi th  pSyml93: :Tn5 or  pSyml91: ;Tn5,  s t ra in  IA47 wi th  
pSyml93: :Tn5,  and the  parent  s t ra in  USDA193.  
Table  5  presents  the  resul ts  of  inocula t ion of  Peking wi th  a  s t ra in  
conta ining pSyml93: :Tnl .  This  o ther  marker  (Tn_l  encodes  Cb.  res is tance  in  
Rhizobiumy was  useful  for  t ransfer  of  pSyml93 in to  s t ra ins  conta ining Tn^.  
Control  s t ra ins  R.  f redi i  s t ra in  IA226,  IA90 (pSyml93: :Tnl) ,  IA728 
(pSyml93: :Tn_l)  and IA47 (pSyml93: :Tnl j  showed normal  nodula t ion on Peking 
soybean.  Nodules  were  formed by t ransconjugants  of  ^  tumefaciens  s t ra in  
A136,  but  not  by t ransconjugants  of  LBA288.  This  may be  because  of  
p lasmid dele t ions  found in  th is  s t ra in .  In  addi t ion,  a  ser ies  of  
Tn5- inser t ional  mutants  in  chromosomal  v i ru lence  genes  of  A.  tumefaciens  
were  screened for  the  abi l i ty  to  form nodules .  Three  of  these  s t ra ins  
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Table  4 .  Nodule  number  ( s tandard  er ror)  and n i t rogen f ixat ion 
phenotype of  rec ipients  conta in ing pSyml93: :Tn5 
inocula ted  on Peking soybean in  greenhouse  pots  
RECIPIENT N NODULE NUMBER ACETYLENE REDUCTION 
R.  japonicum 110 6  
A.  tumefaciens  LBA283a 9  
A.  tumefaciens  LBA288b 9  
A.  tumefaciens  LBA283c 9  
A.  tumefaciens  A136 9  
^  mali lo t i  102F28 5  
R.  leguminosarum 128653 5  
R.  lequminosarum 248c 9  
& t r i  fo l i i  LPR5045 17 
R.  aeschynomene AF2 5  
R.  f redi i  IA47 6  
Control  s t ra ins  
IA90 r i f  pl93: :Tn5 12 
IA90 r i f  p l91: :Tn5 11 
IA225 5  
Control  25 
USDA193 15  
41.2  
( 1 . 2 )  
17.7  
(10.9)  
15.3  
( 2 . 6 )  
8.8 
(5 .3)  
9 .1  
(5 .0)  
28.9  
(25.5)  
8 .5  
(5 .8)  
p4-i) 
4.9  
( 2 . 0 )  
19.3  
( 6 . 1 )  
14.9  
(14.6)  
7 .5  
(3 .0)  
13.3  
( 2 . 6 )  
15.5  
( 1 1 . 8 )  
3.8  
( 2 . 2 )  
14.9  
(4 .5 )  
+ 
+ 
+ 
ND, not  done.  
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formed nodules ,  whi le  the  four th  one was  unable  to  form nodules  on Peking.  
The parenta l  s t ra ins  were  character ized as  a t tachment  mutants .  Such 
funct ions  may be  necessary  for  Rhizobium nodula t ion a lso .  
R.  f redi i  DNA f ragments  necessary  for  nodule  in i t ia t ion 
Three  EcoRI f ragments  of  R.  f redi i  p lasmid DNA showed hybr id iza t ion 
to  the  ^  meli lo t i  common nod genes  (nodA,  B,  C,  and D) .  Three  HindiI I  
f ragments  a lso  conta ined the  hybr id iz ing regions:  5 .2  kb. ,  6 .8  kb. ,  and 
12.5  kb.  These  f ragments  were  c loned in to  pVKlOl  {R.  K.  Prakash,  Nat ive  
Plants ,  Inc . ,  Sal t  Lake Ci ty ,  UT).  The 5 .8  and 5 .2  kb.  f ragments  showed 
the  s t rongest  homology to  the  common nod genes ,  whi le  the  12.5  kb f ragment  
showed a  l imi ted  amount .  The 6 .8  and the  12.5  kb.  f ragments  shared a  
region of  homology,  whi le  the  5 .2  kb.  conta ined unique informat ion 
(Prakash and Ather ly ,  1984) .  The 6 .8  and 5 .2  kb.  f ragments  were  
separa te ly  tes ted  in  Sym-cured R.  f redi i  s t ra ins  IA728 and IA90,  and ^  
tumefaciens  s t ra in  A136.  Cosmid c lones  conta in ing the  6 .8  kb.  f ragment  
and DNA on e i ther  s ide  a lso  were  used.  None of  these  plasmids  conta ined 
enough informat ion to  give  nodule  format ion.  Some of  the  p lants  
inocula ted  wi th  these  s t ra ins  had smal l  bumps,  but  the i r  appearance  was  
not  consis tent .  The 2 .8  EcoRI f ragment  i s  conta ined wi th in  the  HindiI I  
6 .8  kb.  f ragment .  The 2 .8  kb.  EcoRI f ragment  was  c loned in to  pVKlOl  wi th  
the  5 .2  Hindi  11 f ragment  to  a l low the  two f ragments  to  be  tes ted  together  
for  nodule  in i t ia t ion (R.  K.  Prakash,  Nat ive  Plants ,  Inc . ,  Sal t  Lake Ci ty ,  
UT.) .  
Table  6  shows the  resul ts  of  inocula t ion of  p lants  wi th  s t ra ins  
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Table  5 .  Nodule  number  ( s tandard  er ror)  of  rec ipients  conta in ing 
pSyml93: :Tnl  inocula ted  on Peking soybean in  greenhouse  
pots  
RECIPIENT N NODULE NUMBER 
R.  f redi i  IA90 6  5  (0 .0)  
IA728 5  2 .3  (2 .3)  
IA47 12 3 .9  (3 .1)  
A.  tumefaciens  LBA2336 13 11 (4 .9)  
LBA2338 15 8 .9  (7 .2)  
LBA2339 15 12.1  (5 .0)  
LBA2340 14 20.1  (9 .4)  
LBA288 7  0 .00 (0 .0)  
A135 4  12 (11.5)  
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conta ining the  5 .2  Hindl l l  and 2 .8  EcoRI f ragments .  Recognizable  nodules  
a re  formed consis tent ly  by rec ipients  IA728,  IA90,  A136,  and R.  t r i  fo l i i  
s t ra in  LPR5045 (Figure  11) .  Nodules  were  not  formed by the  IA47 
rec ipient .  Bacter ia  were  not  consis tent ly  recovered f rom these  nodules .  
To determine i f  any of  the  f ragments  conta ined the  host  speci f ic i ty  genes  
for  Peking soybean,  a  ser ies  of  cosmid c lones  (Figure  12)  was  t ransferred  
to  R.  mel i lo t i  102F28.  None of  the  rec ipients  consis tent ly  gave nodules .  
This  impl ies  tha t  the  host  speci f ic i ty  genes  are  not  l inked in  ^  fredi i  
s t ra in  USDA193.  The lack of  nodules  was  not  due to  loss  of  the  plasmid.  
Inocula t ion of  a l fa l fa  seedl ings  wi th  these  s t ra ins  gave r i se  to  nodules  
tha t  conta ined bacter ia  wi th  the  plasmids  present .  
Ident i f ica t ion of  nod and f ix  coding regions  on DMA f ragments  
Figure  12 shows the  d is t r ibut ion of  Tn^ inser t ions  on two of  the  nod 
f ragments  in  re la t ion to  the i r  Hindi  11 res t r ic t ion s i tes .  Figure  13 shows 
the  d is t r ibut ion of  Tn^ inser t ions  on the  2 .8  kb.  EcoRI f ragment  (N.  
Ramakrishnan,  Dept .  of  Genet ics ,  Iowa Sta te  Univers i ty) .  Using marker  
exchange wi th  the  suic ide  plasmid pBR322,  wi ld- type USDA193 was  
mutagenized in  speci f ic  s i tes .  Table  7  l i s t s  the  nodule  number  and Nif  
phenotype of  the  32 mutants  tes ted .  Ten Nod-  mutants  were  obta ined.  Nine  
of  these  were  due to  inser t ions  in  the  2 .8  kb.  EcoRI f ragment .  The o ther  
was  due to  inser t ion in  the  5 .3  kb.  Hindi  11  f ragment .  Three  Fix-  mutants  
a lso  were  obta ined by inser t ion of  Tn^ in to  the  5 .3  f ragment .  These  
resul ts  indicate  tha t  a  ser ies  of  Nod or  Hsp genes  res ide  on the  2 .8  kb.  
EcoRI f ragment  and a  ser ies  of  Nod and Fix  genes  res ide  on the  5 .3  kb.  
Hindi11 f ragment .  
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Figure  i l .  Roots  of  soybean (Glycine  max L.  Merr . )  cul t ivar  
Peking inocula ted  wi th  Agrobacter i  urn tumefaciens  
A135 [2 .8  kb.  EcoRI and 5 .2  kb.  Hindi  11 nod 
f ragments  in  pVKlOl)  a f ter  f ive  weeks ,  f rom greenhouse  
t r ia ls  in  pots  of  vermicul i te  
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Table  6 .  Nodule  number  on soybeans  f rom greenhouse  and growth 
pouch s tudies  of  puta t ive  Nod f ragments  in  cured and 
heterologous  rec ipients  (s tandard  er ror  in  parentheses)  
NODULE NODULE 
RECIPIENT FRAGMENT N NUMBER (POUCH) N NUf- iBER (PÛT) 
IA728 5 .2 ,2 .8  kb.  9  5 .9  
(3 .8 )  
5.2  kb.  8  3 .0  
(1 .7)  
2 .8  kb.  9  2 .1  8  0 .4  
(2 .1)  (0 .3)  
17 7  0 .1  
( 0 . 1 )  
31 2  1 .5  
(1 .5)  
IA90 5 .2 ,2 .8  kb.  11  1 .1  21 7 .0  
(0 .3)  (3 .5)  
5 .2  kb.  4  1 .3  
(1 .3)  
2 .8  kb.  5  0 .5  8  3 .6  
(0 .5)  (3 .4)  
6  3  0 .0  2  0 .0  
17 3  0 .0  
31 3  0 .0  
63 3  0 .0  
A136 5 .2 ,2 .8  kb.  7  3 .2  14 5 .1  
( 1 . 8 )  ( 2 . 0 )  
5.2  kb.  4  0 .0  7  0 .5  
(0 .5)  
2 .8  kb.  12 3 .3  9  2 .5  
(3 .3)  (1 .6)  
6  7  1 .3  4  8 .0  
(1 .3)  (5 .0)  
17 5  2 .8  2  0 .0  
( 2 . 2 )  
31 6  1 .5  5  4 .7  
(1 .5)  (2 .4)  
63 8  0 .0  6  0 .8  
( 0 . 8 )  
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Table  6 .  (Cont inued)  
NODULE NODULE 
RECIPIENT FRAGMENT N NUMBER (POUCH) N NUMBER (POT) 
IA47 5 .2 ,2 .8  kb.  5  0  
102F28 6  
12 
32 
54 
11 
11 
13 
12 
1 .5  
(1 .1)  
0 .0  
3 .1  
(3 .1)  
0 .0  
5 .2  kb.  5  0 .0  
LPR5045 5 .2 ,2 .8  kb.  10 0 .5  
(0 .5)  
3  1 .3  
(1 .3)  
Control  s t ra in  
USDA193 15 (§:§) 15 \l:h 
Figure  12.  Par t ia l  map of  symbiot ic  region of  USDA193 showing 
locat ion of  HinPIII  cosmid c lones  and Tn^ inser t ions  in  
re la t ion to  nod f ragments  (R.  K.  Prakash,  unpubl ished 
resul ts .  Nat ive  Plants ,  Inc . ,  Sal t  Lake Ci ty ,  UT.)  
H = Hindi  11 
B = BamHI 
S  = Sai l  
PHYSICAL &GENiETiC MAP OF SYMBIOTIC REGION 
FROM R.JAPONICUM USDA193 
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Figure  13.  Map of  2 .8  kb.  EcoRI f ragment  showing locat ion of  Tn5 
inser t ions  (N.  Ramakrishnan,  unpubl ished resul ts .  Dept .  
of  Genet ics ,  Iowa S ta te  Univers i ty)  
E = EcoRI 
B = BamHI 
S  = Sai l  
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Table  7 .  Modula t ion and n i t rogen f ixat ion phenotypes  of  32 Tn5 
inser t ional  mutants  of  R.  f redi i  s t ra in  LISÛA193 
inocula ted  on Peking soybean in  growth pouches  and 
greenhouse  pots  
STRAIN N MODULATION NITROGEN FIXATION 
lAPTl  10  + + 
IAPT2 9  + + 
IAPT3 35 + 
IAPT4 S + + 
IAPT5 7  + + 
IAPT6 32 + 
IAPT7 13 + + 
IAPT8 6  + + 
IAPT9 25 -  NA* 
lAPTlO 9  + + 
lAPTll  17 + 
IAPT12 9  + + 
IAPT13 9  + + 
IAPT15 8  + + 
IAPT16 9  + + 
IAPT21 11  + + 
IAPT22 11 + + 
IAPT23 16 + + 
IAPT24 11 + + 
^NA,  Not  Appl icable .  
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Table  7  (Cont inued;  
STRAIN N MODULATION NITROGEN FIXATION 
IAPT25 10 + + 
IAPT26 24 + + 
IAPT27 14 + + 
IAPT28 14 + + 
IAPT41 8  - m 
IAPT42 8  - m 
IAPT43 5  - m 
IAPT44 8  - NA 
IAPT45 S  - NA 
IAPT46 3  - NA 
IAPT47 8  - NA 
IAPT4S 8  - NA 
IAPT49 8  - NA 
US DAI93 (Rif}3 33 + + 
Control  14 _ -
^ Resis tant  to  500 ug. /ml ,  r i fampicin .  
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Creat ion of  recA s t ra ins  of  R.  f redi i  and B.  Japonicum 
Using the  technique of  marker  exchange,  Tn5- inser t iona1 mutants  of  
japonicum 110,  R.  f redi i  s t ra in  USDA193,  and s t ra in  IA90 were  crea ted .  ^  
fredi i  s t ra in  lAlOO was  Nod+ and Nif+ on Peking soybean (Table  2) .  This  
s t ra in  showed a  smal l  increase  in  UV sens i t iv i ty  over  wi ld- type USDA193 
(Figure  14) .  R.  f redi i  s t ra in  IA92 was  tes ted  for  HMS sens i t iv i ty  (data  
not  shown)  to  ver i fy  that  i t  was  a  recA mutant .  A procedure  for  
^^S- label l ing  of  prote ins  in  a  Rhizobium maxi-cel l  (See  E.  col i  maxi-cel l  
of  Sancar  and Ruper t ,  1978)  was  developed.  This  procedure  was  used for  a  
t ime-course  label l ing  s tudy of  IA92 wi th  pVKlOl  conta in ing the  2 .8  kb.  
ECORI f ragment .  Dupl ica te  cul tures  of  IA92 and USDA193 were  t rea ted  as  
descr ibed in  the  Mater ia ls  and Methods .  Control  cul tures  of  these  s t ra ins  
a lso  were  used s tar t ing  a t  the  sul fa te  s tarvat ion s tep .  A ce l l  pe l le t  was  
not  recovered f rom the  wi ld- type USDA193 cul ture  af ter  UV i r radia t ion and 
overnight  incubat ion wi th  cycloser ine .  This  impl ied  tha t  the  wi ld- type 
ce l l s  were  able  to  repai r  the  UV damage and were  k i l led  by the  
cycloser ine .  Repeated a t tempts  to  recover  wi ld- type ce l l s  af ter  the  
overnight  t rea tment  were  unsuccessful .  The uni r radia ted  wi ld- type s t ra in  
and s t ra in  IA92 (conta in ing the  2 .8  Nod f ragment)  and the  i r radia ted  
s t ra in  IA92 (conta in ing the  2 .8  Nod f ragment)  were  used in  the  t ime-course  
label l ing  s tudy.  The prote in  label l ing ,  both  in  pat tern  and quani t i ty  was  
the  same for  a l l  three  cul tures  (data  not  shown) .  Samples  of  the  three  
label led  cul tures  were  loaded on SDS-polyacrylamide gels  (R.  Hal l  berg .  
Dept .  of  Zoology,  Iowa Sta te  Univ . ) .  Figure  15 shows the  prote in  pat terns  
of  the  three  cul tures .  The i r radia ted  s t ra in  did  not  have a  
Figure  14.  Ul t raviole t  sens i t iv i ty  curves  for  recA+ and recA 
bacter ia ;  bacter ia  f rom a  log-phase  l iquid  cul ture  were  
spread onto  the  surface  of  dr ied  TY p la tes  and 
i r radia ted  wi th  UV l ight ;  ^  fredi i  s t ra ins  USDA193 
( recA+)  and lAlOO ( recA);  E.  col i  s t ra ins  AB1157 
( recA+)  and AB2463 ( recA) 
USDA193 
lAlOO 
AB1157 
AB2463 
150 100 50 
Dose (Seconds) 
Figure  15.  SDS-PAGE of  ^^S-methionine  label led  prote ins ,  adjacent  
lanes  are  repl ica tes ;  Lanes  1 .  and 2 .  20 u l .  sample  of  
uni r radia ted  USDA193;  Lanes  3 .  and 4 .  20 u l .  sample  of  
uni r radia ted  IA92 (pVK101: :2 .8  kb.  EcoRI nod) ;  Lanes  
5 .  and 5 .  20 u l .  sample  of  i r radia ted  IA92 (pVK101: :2 .3  
kb.  EcoRI nod) ;  Lanes  7 .  and 8 .  10 u l .  sample  of  
uni r radia ted  USDA193;  Lanes  9 .  and 10.  10 u l .  sample  of  
uni r radia ted  IA92 (pVKlGl: :2 .8  kb.  EcoRI nod) ;  Lanes  
11 .  and 12.  10 u l .  sample  of  i r radia ted  IA92 
(pVK101: :2 .8  kb.  EcoRI nod)  
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qual i ta t ive  di f ference  in  label l ing .  There  may be  a  quani t i ta t ive  one,  
but  i t  i s  d i f f icul t  to  te l l  wi th  so  many bands .  Even though the  
i r radia t ion procedure  and cycloser ine  t rea tment  e l iminate  d ividing ce l l s ,  
the  chromosomal  DMA and RNA are  not  suff ic ient ly  degraded a t  the  t ime of  
label l ing  to  dis t inguish  plasmid-speci f ic  prote ins .  
Discuss ion 
The nodula t ion genes  of  R.  f redi i  s t ra in  USDA193 a re  not  l inked.  
Unique genes  homologous  to  the  common nod genes  of  R.  mel i lo t i  a re  on an  
11.3  kb EcoRI DNA f ragment .  Rei tera ted  genes  a re  present  on the  2 .8  and 
5 .3  kb.  EcoRI f ragments .  The sequences  necessary  for  ear ly  nodula t ion 
funct ions  are  found on the  11.3  and 2 .8  kb.  f ragments .  These  f ragments  
g ive  the  abi l i ty  to  nodula te  Peking soybean to  Sym cured rec ipients .  Each 
of  the  f ragments  a lone does  not  conta in  the  Hsp genes  for  Peking as  shown 
by t ransfer  to  R.  mel i lo t i .  The hos t -speci f ic i ty  genes  for  Peking soybean 
were  expressed in  other  backgrounds  in  the  presence  or  absence  of  
indigenous  symbiot ic  genes .  These  resul ts  are  consis tent  wi th  repor ts  of  
nodula t ion genes  in  o ther  s t ra ins  of  R.  f redi i .  Appelbaum e t  a l .  (1985} 
repor ted  the  t ransfer  and express ion of  pSyml9i  in  o ther  Rhizobium 
species .  Rostas  e t  a l .  (1984)  repor ted  that  dele t ion s t ra ins  miss ing the  
11.3  kb.  EcoRI f ragment  were  unable  to  form nodules .  Appelbaum 
(Proceedings  of  the  5th  In ternat ional  Symposium for  Ni t rogen Fixat ion,  in  
press)  repor ted  tha t  the  noûA,  B,  and C genes  were  located  by 
hybr id iza t ion to  the  11.3  kb.  EcoRI f ragment  in  US0A191 and tha t  the  
funct ional  jWD gene was  present  on the  2 .8  kb.  f ragment .  In  R.  t r i  fo l  i i ,  
the  nodA,  B,  C,  and D genes  are  in  the  middle  of  a  group of  Hsp genes  
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(personal  communicat ion,  M.  Djordjevic ,  Aust ra l ian  Nat ional  Univ . ,  
Canberra ,  Aust . ) .  I f  the  nod genes  in  ^  fredi i  are  bordered on both  
s ides  by Hsp genes  and have become separa ted ,  there  could  be  genes  for  
host  speci f ic i ty  on each f ragment ,  and not  suff ic ient  informat ion on one 
f ragment .  The hos t  speci f ic i ty  genes  for  o ther  hosts  were  not  tes ted .  A 
re la ted  fas t -growing t ropical  s t ra in ,  NGR234,  has  hos t -speci f ic i ty  genes  
for  s i ra t ro  that  are  unl inked to  Hsp genes  for  o ther  hosts  (personal  
communicat ion,  M.  Djordjevic ,  Aust ra l ian  Nat ional  Univ . ,  Canberra ,  Aust . ) .  
Tn^ mutagenesis  of  the  three  puta t ive  Nod f ragments  gave a  ser ies  of  
Nod-  and Fix-  mutants .  Cytological  and RNA analys is  of  these  mutants  
would  y ie ld  a  great  deal  of  informat ion about  the  organizat ion of  genes  on 
these  f ragments .  Some of  the  Tn5 inser t ions  in to  host -speci f ic i ty  genes  
may not  have g iven a  detec table  phenotype in  my assay.  Studies  wi th  the  
host -speci f ic i ty  genes  of  R.  t r i  fo l  i i  indicate  tha t  some inser t ions  give  
r i se  to  delayed modula t ion (personal  communicat ion,  M.  Djordjevic ,  
Aust ra l ian  Nat ional  Univ . ,  Canberra ,  Aust . ) .  But  s ince  the  modula t ion i s  
delayed by only  severa l  days ,  i t  would  not  be  de tec ted  in  my assay.  
A recA s t ra in  of  Rhizobium i s  useful  for  complementa t ion s tudies  
us ing mero-diploids .  In  addi t ion,  a  maxi-cel l  would  be  useful  for  the  
s tudy of  Rhizobium promoters .  RecA mutants  of  B_^ japonicum,  and ^  fredi i  
s t ra ins  USDA193 and IA90 were  crea ted  to  meet  these  needs .  A 
prote in- label l ing  procedure  was  developed.  The dosage of  UV needs  to  be  
adjus ted  to  give  bet ter  chromosomal  degradat ion.  
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CONCLUSIONS 
The fas t -growing Rhizobium f rec t i i  s t ra ins  were  poor  n i t rogen-f ix ing 
symbionts  of  commercia l  soybean cul t ivars .  The combinat ions  of  
soybean-rhizobia l  genotypes  tha t  were  s igni f icant ly  bet ter  for  n i t rogen 
f ixat ion were  Evans  and Hi l l  wi th  the  s low-growing B.  japonicum s t ra in  
61A75 and fas t -growing R.  f redi i  s t ra ins  wi th  Peking and Virginia .  Only  
one fas t -growing s t ra in  formed an ef fec t ive  symbiosis  wi th  a l l  of  the  
soybean genotypes  tes ted .  Severa l  of  the  p lant  in t roduct ions  showed 
comparable  n i t rogen f ixat ion wi th  the  fas t -growing s t ra ins .  These  
genotypes  showed low nodula t ion in  Iowa f ie lds  wi th  indigenous  
s low-growers  (R.  G.  Palmer ,  Dept .  of  Genet ics ,  Iowa Sta te  Univ . ,  
unpubl ished resul ts ) .  These  resul ts  suggest  tha t  in  order  to  u t i l ize  the  
fas t -growing R.  f redi i  s t ra ins ,  commercia l  cu l t ivars  need to  be  bred f rom 
more  pr imi t ive  s tocks ,  us ing the  fas t -growers  R.  f redi i  s t ra ins  as  
inoculum.  Many crosses  have been made wi th  Peking as  a  source  of  soybean 
cys t  nematode res is tance .  One could  get  these  l ines  f rom var ious  
genera t ions  and tes t  for  n i t rogen f ixat ion wi th  the  R.  f redi i  s t ra ins .  
The fas t -growing s t ra ins  in teract  wi th  the  ^  mutants  of  soybean in  a  
manner  consis tent  wi th  the  bel ief  tha t  they nodula te  by the  same mechanism 
as  the  s low-growing Bradyrhizobium Japonicum s t ra ins .  No nodules  a re  
formed on the  non-nodula t ing i so l ine  Harosoy r j l  r j l .  Ineffect ive  nodules  
a re  formed on commercia l  cu l t ivars  wi th  the  RjS a l le le .  Peking and 
Virginia  are  genet ica l ly  unimproved in t roduct ions  from the  same geographic  
locat ion in  China .  They share  the  recess ive  r j5  a l le le  that  g ives  
ef fec t ive  nodula t ion wi th  the  fas t -growing R.  f redi i  s t ra ins  (see  Appendix  
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IV) .  An in teres t ing cross  tha t  needs  to  be  done i s  that  of  Hardee  by 
Peking.  Hardee  was  unusual  in  that  i t  formed ef fec t ive  nodules  wi th  the  
fas t -growing s t ra ins .  The ineffec t ive  a l le les ,  Rj2  Rj2  and Rj3  Rj3  tha t  
i t  carr ies  may be  l inked or  a l le l ic  wi th  the  Rj5  of  o ther  cul t ivars .  In  
order  to  f ind host  a l le les  for  exclus ion or  se lec t ion of  these  
fas t -growing s t ra ins ,  more  of  the  germplasm needs  to  be  screened and the i r  
in teract ion wi th  a r t i f ic ia l ly  created  mutants  needs  to  be  tes ted .  
One sees  f rom in teract ions  of  ^  japonicum and ^  fredi i  wi th  natura l  
var ia t ion in  soybeans ,  tha t  hos t  genes  exis ts  for  non-nodula t ion wi th  a l l  
s t ra ins  and s t ra in  speci f ic  ineffec t iveness .  This  suggests  tha t  both  
species  (a l l  s t ra ins)  use  the  same s imple ,  conserved pathway for  nodule  
in i t ia t ion.  But  a  very  complex mul t i -gene pathway i s  fol lowed for  nodule  
complet ion and n i t rogen f ixat ion,  because  there  i s  a  great  deal  of  genet ic  
var ia t ion in  host  and symbiont  for  ef fec t iveness ,  n i t rogen f ixat ion,  and 
hydrogen oxidat ion.  This  not ion fol lows very  wel l  f rom s tudies  reveal ing 
a  se t  of  common nod genes  tha t  are  highly  conserved in  rh izobia .  
Host -speci f ic i ty  genes ,  on  the  other  hand,  seem to  be  numerous  and 
var iable .  
Host  control  of  modula t ion was  s tudied in  a  hydroponic  growth sys tem.  
There  appear  to  be  d i f ferences  in  nodula t ion wi th  the  fas t -growing s t ra ins  
l inked to  the i r  abi l i ty  to  form ineffect ive  nodules  in  sol id  suppor t  
media .  S tudies  wi th  a  sp l i t - root  sys tem would a l low es t imat ion of  nodule  
de lay .  Root  exudate  or  root  exudate  f rom plants  exposed to  ef fec t ive  
bacter ia  could  be  used to  t ry  to  induce nodula t ion.  In  addi t ion,  mutants  
f rom both  species  of  bacter ia  could  be  examined for  the i r  nodula t ion 
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abi l i ty ,  especia l ly  those  tha t  are  known to  be  delayed in  nodula t ion.  The 
observat ions  in  hydroponics  could  be  d i rec t ly  re la ted  to  compet i t ion  
between bacter ia  for  nodula t ion.  The genet ic  mater ia l  in  the  fas t -growing 
s t ra in  USDA191 tha t  a l lows nodula t ion in  hydroponics  needs  to  be  i so la ted  
and character ized.  
The f ina l  par t  of  th is  s tudy was  concerned wi th  t ransfer  and 
express ion of  ear ly  nodula t ion and hos t -speci f ic i ty  genes .  The symbiot ic  
p lasmid of  R.  f redi i  s t ra in  US DAI93 carr ied  the  host -speci f ic i ty  genes  for  
Peking soybean as  demonstra ted  by nodule  format ion on Peking by 
t ransconjugants .  These  nodules  were  ineffec t ive  or  pseudonodules ,  wi th  no 
n i t rogen f ixat ion,  even in  s t ra ins  wi th  indigenous  symbiot ic  genes .  This  
impl ies  tha t  there  i s  in ter ference  between the  se ts  of  symbiot ic  genes  or  
tha t  chromosomal  funct ions ,  speci f ic  to  a  species ,  a re  required  for  
n i t rogen f ixat ion.  This  i s  suppor ted  by t ransfer  s tudies  wi th  pSyml91,  
the  symbiot ic  p lasmid f rom s t ra in  USDA191.  Appelbaum e t  a l .  (1985)  
repor ted  tha t  t ransfer  of  th is  plasmid to  a  c losely  re la ted  t ropical  
s t ra in  gave hos t -speci f ic i ty  and n i t rogen-f ixat ion gene express ion.  
The nod genes  and hos t -speci f ic i ty  genes  for  Peking soybean in  R.  
f redi i  s t ra in  USDA193 a re  not  l inked.  ^  tr i  fo l i i  and R.  leguminosarum 
have been shown to  conta in  a  14 kb.  f ragment  and a  10 kb.  f ragment ,  
respect ively , ' ' tha t  wi l l  res tore  ear ly  nodula t ion and hos t -speci f ic i ty  to  
cured mutants  (Schof ie ld  e t  a l . ,  1983;  Schof ie ld  e t  a l . ,  1984;  Downie  e t  
a l . ,  1983a;  Downie  e t  a l . ,  1983b) .  I t  i s  consis tent  tha t  s imi lar  abi l i ty  
i s  carr ied  on two DNA f ragments  of  approximate ly  8 .0  kb.  The sequences  of  
these  two f ragments  need to  be  determined to  locate  open reading f rames 
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corresponding to  hos t -speci f ic i ty  genes .  As d iscussed in  Par t  I I I ,  Tn^ 
inser t ions  in  host -speci f ic i ty  genes  may cause  subt le  a l tera t ions  in  host  
speci f ic i ty  that  are  not  eas i ly  detec ted .  In  addi t ion,  the  nodula t ing 
abi l i ty  on o ther  hosts  needs  to  be  tes ted .  The hos t -speci f ic i ty  genes  for  
s i ra t ro ,  mung bean,  p igeon pea ,  and Phaseolus  bean may not  be  carr ied  on 
the  f ragments  examined.  
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APPENDIX I .  ROOT NODULES FORMED BY FAST-GROWING RHIZOBIUM FREDII  ON 
SELECTED NORTH AMERICAN CULTIVARS OF SOYBEAN 
Figure  1 .  Effect ive  root  nodules  on Peking 
Figure  2 .  Effect ive  root  nodules  on Virginia  
Figure  3 .  Ineffect ive  root  nodules  on Evans  
Root  nodules  of  soybean (Glycine  max L.  Merr . )  cul t ivars  inocula ted  
wi th  Rhizobium f redi i  s t ra in  USDA193.  P lants  were  harves ted  af ter  
f ive-weeks  growth in  vermicul i te  
175 
Figure  4 .  Ineffect ive  root  nodules  on Rampage 
Figure  5 .  Ineffect ive  root  nodules  on Hi l l  
F igure  6 .  Ineffect ive  root  nodules  on Wil l iams 
Root  nodules  of  soybean (Glycine  max L.  Merr . )  cul t ivars  inocula ted  
wi th  Rhizobium f redi i  s t ra in  USDA193.  P lants  were  harves ted  af ter  f ive  
weeks  growth in  vermicul i te  
177 
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APPENDIX I I ,  ULTRASTRUCTURE OF ROOT NODULES FORMED BY FAST-GROWING 
RHIZOBIUM FREDII  ON SELECTED NORTH AMERICAN 
CULTIVARS OF SOYBEAN 
Figure  1 .  Ul t ras t ructure  of  sec t ions  of  the  root  nodules  of  Peking formed 
by the  infect ion of  wi ld- type R.  f redi i  s t ra in  USDA193 
F igure  2 .  Ul t ras t ructure  of  sec t ions  of  the  root  nodules  of  Virginia  
formed by the  infect ion of  wi ld- type ^  fredi i  s t ra in  USDA193 
b=bacteroid  
cw=cel l  wal l  
m= mi tochondr ia  
p l=plas t id  
pme=per ibacteroid  membrane envelope 
Note  that the  bacteroids  are  f i l led  wi th  poly-B -hydroxybutyra te  
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Figure  3 .  Ul t ras t ructure  of  sec t ions  of  the  root  nodules  of  Peking formed 
by the  infect ion of  Fix-  mutant ,  IA13;  note  the  degenera t ion 
and p lasmolysis  of  bacte . ro ids ;  inse t  i s  the  root  nodules  of  
Peking;  ar rows point  towards  PME; bc=bacteroid  cytoplasm 
Figure  4 .  Ul t ras t ructure  of  a  sec t ion of  the  root  nodule  of  Evans  formed 
by R.  f redi i  s t ra in  USDA193;  a r rows point  toward PME which i s  
a lmost  d is in tegra ted  in to  smal l  ves ic les ;  inse t  shows the  
external  appearance  of  the  root  nodules ;  s=s tarch 
Figure  5 .  Ul t ras t ructure  of  a  sec t ion of  the  root  nodule  of  Hi l l  formed 
by USDA193;  the  bacteroids  show an acute  degree  of  p lasmolysis  
and they are  empty,  resembl ing ghosts ;  the  PME (double  ar rows)  
are  broken up in to  smal l  ves ic les  
Figures  6 .  and 7 .  Ul t ras t ructure  of  sec t ions  of  the  root  nodules  of  
Rampage in  the  ear ly  and la ter  s tages  of  symbiot ic  degradat ion 
af ter  infect ion wi th  USDA193;  b=bacteroids ;  
pb=poly-B-hydroxybutyra te ;  s=s tarch;  double  ar rows point  
towards  PME 
Figure  8 .  Ul t ras t ructure  of  sec t ions  of  the  root  nodules  of  Virginia  
formed by the  infect ion of  Fix-  mutant ,  IA13;  note  the  
degenera t ion and p lasmolysis  of  bacteroids ;  ar rows point  
towards  Pf 'E;  bc=bacteroid  cytoplasm 
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Figures  9 . ,  10 . ,  and i l .  Ul t ras t ructure  of  sec t ions  of  the  ef fec t ive  root  
nodules  of  Peking,  Evans ,  and Hi l l ,  respect ively ,  formed by R.  
f redi i  s t ra in  USDA191;  cw=cel l  wal l ;  ar rows point  towards  PME 
Figures  12.  and 13 .  Ul t ras t ructure  of  sec t ions  of  the  root  nodules  of  
Rampage and Wil l iams formed by USDA191;  the  symbiosis  i s  poor ly  
organized;  vse=vesic les ;  ar rows point  towards  PME 
Figure  14.  Ul t ras t ructure  of  a  sec t ion of  the  root  nodule  of  Virginia  
formed by USDA191;  p l=plas t ids ;  n=nucleus ;  v=vacuole ;  ar rows 
point  towards  PME 
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APPENDIX I I I .  ROOT NODULES FORMED IN HYDROPONIC GROWTH SYSTEM BY 
BRADYRHIZOBIUM JAPONICUM Aî^D RHIZOBIUH FREDII  
Figure  i .  B.  japonicum 80 forms ef fec t ive  root  nodules  in  hydroponics  and 
vermicul i te  on Wil l iams 
Figure  2 .  B.  japonicum 61A24 forms ef fec t ive ,  green nodules  in  
hydroponics  and vermicul i te  on Wil l iams 
Figure  3 .  ^  japonicum SMl forms ef fec t ive  root  nodules  in  hydroponics  
and vermicul i te  on Wil l iams 
• Root  nodules  of  soybean (Glycine  max L.  Merr . )  cul t ivar  Wil l iams 
inocula ted  wi th  ineffec t ive  or  ineff ic ient  s t ra ins  of  rh izobia  four  weeks  
a f ter  germinat ion and growth in  hydroponics ;  p lants  were  harves ted  f ive  
weeks  a f ter  inocula t ion 
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Figure  4 .  B.  japonicutn  SM2 forms ef fec t ive  root  nodules  in  hydroponics  
and vermicul i te  on Wil l iams 
Figure  5 .  ^  japonicum S!# forms ef fec t ive ,  green nodules  in  hydroponics  
and ineffec t ive  nodules  in  vermicul i te  on Wil l iams 
Figure  6 .  R.  f redi i  IA14 forms no root  nodules  in  hydroponics  and 
ineffec t ive  nodules  in  vermicul i te  on Wil l iams 
Root  nodules  of  soybean (Glycine  max L.  Merr . )  cul t ivar  Wil l iams 
inocula ted  wi th  rh izobia  four  weeks  a f ter  germinat ion and growth in  
hydroponics ;  p lants  were  harves ted  f ive  weeks  a f ter  inocula t ion 
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APPENDIX IV.  ALLELISH TESTS AND INHERITANCE OF INEFFECTIVENESS AT THE RJ5 
LOCUS OF SOYBEANS 
Table  1 .  Peking ( r j5  r j5)  x  Evans  (Rj5  Rj5)  
R.i5 - rjS rjS X2 (3 :1)  
^3 94 28 0 .3  
Table  2 .  Peking (Rj l  Rj l .  
Harosoy ( r j l  r j l  
ril rjS} X 
. &15 
m - ,  Rj5 -  Rj l  - ,  r j5  r j5  r^  r j l .RjS -  x2(9:3:4)  
Dliii, lii r^ 
47 21 30 2 .39 
Rj l  - r j l  r j l  X2(3:1)  
^3  68 30 1 ,64 
Table  3 .  Peking ( r j5  r j5)  X Virginia  ( r j5  r jS)  
- lii rjS X2(3:1)  
0  46 13.3  *  
0  30 10.0  *  
*  £  is  less  than or  equal  to  0 .05.  
